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ABSTRACT 
This work describes the development of mediated amperometric biosensors that are 
able to monitor the metabolic activity of both single and mixed microbial populations, 
with applications in toxicity assessment and wastewater treatment plant protection. 
Biosensor systems have been constructed incorporating either the single-species 
eubacteria Escherichia coli or Pseudomonas putida, Bioseed®, or a mixture of 
activated sludge organisms from wastewater treatment plants, as the sensing 
components immobilised on disposable screen printed electrodes in stirred reaction 
vials. The biosensor approach is generic allowing for a wide range of microbial cell 
types to be employed. Appropriate bacterial species can be selected for specific 
sensor applications in order to confer validity and relevance to the test, hence the 
biosensor can be tailor-made to assess the toxicity in a particular environment and 
provide diagnostically valid and relevant results. 
The biosensors have been used to assess the toxicity of a standard toxicant and 
toxicant formulations and in blind testing of a range of industrial effluents, in parallel 
with a number of bioassays including Microtox® and activated sludge respiration 
inhibition. The biosensor results generally show significant correlation to the 
appropriate conventional toxicity tests. 
In this study, an activated sludge based biosensor assay was developed and used to 
assess the toxicity of industrial process and site effluents with the specific purpose of 
wastewater treatment plant protection. Data generated compared significantly with 
those from an activated sludge respiration inhibition test, with added advantages of 
rapidity, safety and ease of use. 
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1 INTRODUCTION 
1.1 Background 
Increasing world-wide industrialisation over the last 4 decades has resulted in the 
presence of a high number of potentially hazardous agricultural, industrial and 
other chemicals in the environment. Apart from relatively few individual 
chemicals (mainly pesticides), there is little detailed information regarding their 
toxicological properties and their effect on the biota. In order to protect the 
environment there is therefore a recognised need for extensive toxicity monitoring 
of effluents and new chemicals prior to their release into the environment. Indeed, 
since 1993, the National Rivers Authority (NRA) in collaboration with HMIP and 
the Scottish and Northern Ireland Forum for Environmental Research (SNIFFER) 
(now grouped under the Environment Agency) have conducted research to 
develop strategies for the introduction of Toxicity Based Consents to assess 
effluent discharges. 
With the increasingly strict legislation it is apparent that the toxicity assessment 
and environmental impact of effluents pose an expensive and logistical problem 
for the dischargers. This study will describe the development of a rapid, 
environmentally relevant and inexpensive biosensor based bioassay that provides 
information regarding the toxicity of complex chemical formulations and effluents 
which could both complement and provide an alternative to existing tests. 
The traditional method of measuring toxicity in the aquatic environment, 
including freshwater, estuarine, marine and wastewaters, has been through 
bioassay procedures in which a reference population of organisms, typically fish 
or macroinvertebrates, is subjected to the substance in question and later 
compared with a control population (Malthy and Calow, 1989). Bioassay 
comparisons have been made on the hasis of such parameters as survival and 
metabolic activity. However, for although hiological assays lIsing vertebrates and 
, 
invertebrates provide easily observable threshold limits, they are expensive, time 
consuming and require considerable laboratory space and expertise. For a 
definitive study, the use of fish and other higher organisms for assessing toxicity 
is justified both financially and ethically. However, higher organisms do not lend 
themselves well to the rapid assessment of effluent toxicity or to discrete sampling 
of environments. 
The need for faster, cheaper and ethically sound eeotoxicologicaJ tests has resulted 
in the development of a number of hioassays which employ bacteria as the test 
organisms. Monitoring bacterial health can be a valid means by which to assess 
the state of the environment since bacterial metabolism is essential in such 
ecologically fundamental processes as the mineralisation of organic substrates and 
in the recycling of mineral nutrients. The main characteristics which make 
bacteria suitable for rapid screening of toxicants in aquatic environments are: 
• 	 They have relatively short generation times and respond quickly to changes in 
the environment. The speed of response to the presence of a toxicant is a major 
physiological advantage in a bioassay where a high throughput of test 
chemicals is required. 
• 	 Many species have been extensively studied and have well defined conditions 
for optimum growth during which they are metabolically stable, hence 
perturbations, due to the presence of an inhibitor, arc easily detected. Also, 
there are a number of nutritionally and metabolically diverse types which will 
respond to test chemicals differently, allowing for t1exibility and customisation 
in bioassay design. 
• 	 Maintenance of cultures is performed easily and at low cost. 
• 	 Due to the small size of bacteria, small test chemical volumes should he 
sufficient for toxicity assessment. This is a major advantage when assessing 
the toxicity or the active ingredient or pesticides or pharmaceuticals, or vvhicb 
only a small amount (due to its considerable cost) may be made available. 
2 
• For bacterial toxicity tests, the response of a large population of organisms is 
measured, compared to the relatively small populations possible using higher 
life forms. This advantage not only contributes to improved precision, but also 
to resolution. 
• 	 There are representatives of bacterial species present In all environments. 
Appropriate bacteria can therefore be selected as test species in order to 
represent the speci fic envi ronment which is under study. This enables bacteria 
based assays to have some form of environmental relevance. 
Bacteria as test organisms consequently have many advantages over higher 
organisms when conducting rapid toxicity tests. Due to the favourable properties 
of bacteria as bioassay organisms, a number of bacterial growth/activity inhibition 
assays have been developed for rapid toxicity assessment and to provide 
inexpensive indices of toxicity. 
Bacterial bioassays tend to be employed as surrogates for higher orgamsms. 
f Iowever, some bioassays use bacteria to assess the toxicity in environments, such 
as the wastewater treatment environment, where bacteria arc themselves the most 
important organisms. Even in such cases, some bioassays employ bacterial 
species f()reign to the environment which they arc being used to assess. For 
example, the Microtox® assay (section 1.5.2.1), which employs a luminescent 
bacterium naturally found in the marine environment, has been used to assess 
ef11uent toxicity to wastewater treatment processes. Therefore, rather than using 
an indigenous species, a laboratory standard, but possibly inappropriate, bacterial 
species is used. The results generated from bacterial bioassays which usc species 
foreign to the environment that is being monitored must be treated with care and 
the relevance of the organism must be taken into account. In order to monitor the 
health of a particular environment with validity, indigenous bacterial, whenever 
possible. should be used. 
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1.2 Aims and Objectives 
This study recognises the advantages that bacteria have to offer for toxicity 
assessment and concentrates on utilising bacteria in a whole cell biosensor 
configuration in order to further improve the advantages of a bacteria based 
toxicity assay. The technique of mediated amperometry will be used to 
interrogate living bacterial cells immobilised on an electrochemical transducer. 
The objective of this study is to develop a generic whole cell biosensor system 
capable of accommodating and monitoring the metabolic status of a wide range of 
bacterial biocatalysts, enabling species indigenous to any environment of interest 
to be used. The intention is to develop a biosensor system which offers 
advantages over conventional bactcrial toxicity tests: 
• 	 Real-time monitoring of biosensor response should give a rapid indication of 
metabolic perturbation. Disruption of the metabolic status of the cells, such as 
caused by a change in the temperature or pH, or by the exposure to a toxicant, 
may result in a change in biosensor signal in seconds or minutes rather that 
hours or days. The rapidity of the bioassay facilitates a high throughput of 
samples which leads to a low operating cost. 
• 	 Appropriate bacterial species can be selected for specific sensor applications in 
order to confer validity and relevance to the test, hence the biosensor can be 
tailor-made to assess the toxicity in a particular environment and provide 
diagnostically valid and relcvant results. 
An environment where the important indigenous population is predominantly 
microbial, and which would benefit greatly from a rapid and relevant biosensor 
based bioassay to protect it from the presence of toxicants, is the wastewater 
treatment environment. It is this environment which has been targeted for study 
as a possible application for a bacteria based whole cell biosensor assay. 
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1.3 Biosensors for wastewater treatment protection 
Wastewaters are materials derived from domestic sewage or industrial processes, 
which for reasons of public health, economic, and aesthetic considerations cannot 
be disposed of merely by discarding them into convenient surface waters. 
Wastewater treatment processes, in which microorganisms play crucial roles, 
remove or render harmless the undesirable materials in the water. 
To remove pollutants, treatment usually involves the activities of microorganisms 
which oxidise and convert the organic matter to (X\. Wastewater treatment 
usually also results in the destruction of pathogenic microorganisms, thus 
preventing these organisms from getting into rivers or other supply sources. 
Water treatment can be carried out by a variety of processes which are broadly 
separated into two classes, anaerobic and aerobic, and one of the most important 
and widely used aerobic treatment is the activated sludge process (Ardern and 
Lockett, 1913). 
I n this process, the wastewater to be treated is mixed and aerated in a large tank. 
Slime-forming bacteria, filamentous bacteria and fungi grow and form flocs onto 
which protozoans and other animals attach. It is this complex, mucilaginous 
consortium that is termed the activated sludge. The residence time of the 
wastewater in an activated sludge tank is generally 5-10 11, too short for complete 
oxidation of organic matter. The main processes occurring during this time are 
the adsorption of soluble organic matter onto the noc, and incorporation of some 
of the soluble materials into microbial cell material. Since both these processes 
considerably reduce the Biochemical Oxygen Demand (BOD,) of the liquid, 
activated sludge is a highly desirable consortium of organisms. 
The toxicity of the incoming wastewater composition can Iluetuate considerably. 
The heterogeneous microbial community present in the sludge allows the process 
to be adaptable, but the capacity to withstand toxic shock is limited. When the 
influx concentration of toxic compounds increases, the inhibition threshold 
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concentration may be reached, and this can adversely affect the organic removal 
function. The potential toxicity of the influents towards activated sludge, prior to 
their introduction into the activated sludge plant, must be monitored. Indeed, 
King (1984) has stated that one of the purposes of bioassays is to obtain an 
estimate of the concentration at which a chemical can be safely discharged to 
sewage treatment plants. 
At present, the most common method of assessment is to use continuously fed 
reactors. Duplicate reactors are prepared and one is fed with the toxicant and the 
organic removal rate is compared between the two reactors. The method does 
approximate the conditions in activated sludge tanks, although the hydraul ic and 
solids retention times of the activated sludge treatment are difficult to maintain 
and the technique is both expensive and time consuming to operate. Another 
common test to assess damage to the activated sludge is the BODs bottle 
technique. This method is simple and can be accomplished in standard treatment 
plant laboratories. However, the method takes 5 days to perform and, due to the 
limited range of the assay (2-7 mg BOD5 1'\), dilution of the sample may be 
required which greatly limits the tests accuracy. 
Most of the difficulties of the BOD5 bottle technique can be alleviated by using a 
batch-fed technique. This method involves measurement of the cell mass and the 
substrate utilisation rates, usually by manometry. Batch fed techniques typically 
require more advanced instrumentation than available at industrial treatment 
plants and the technique is expensive and difficult to perform even for highly 
trained personnel. 
Measurement of respiration rate is another widely used method for monitoring the 
health of activated sludge. In the modified Ecological and Toxicological 
Association of Dyestuffs manufacturing Industries (FTAD) test (Brown el aI., 
1981), the respiration rate of the sludge is measured after a period of 3 h contact 
between the test substance and the sludge. The test is conducted in 3 I f1asks and 
thus requires much space and is also time consuming. In order to standardise the 
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respiration rate, synthetic sewage is used as a substrate but, depending upon the 
respiratory activity of the activated sludge and the exposure time, sludges may be 
in different respiratory stages (exogenous, using externally available nutrients, or 
endogenous, utilising intracellular storage compounds), and results may not be 
comparable. Sludges that receive a high proportion of industrial waste may 
acclimatise, and thus become resistant to inhibitory chemicals present in the 
wastewaters, particularly if the industrial chemicals are consistent in their type and 
concentration (Evans, 1994). The use of domestic sewage is therefore 
recommended in the ETAD test in order to avoid specially adapted bacteria in the 
sludges. However, sludges obtained from plants which receive domestic sewage 
also vary somewhat in species composition and activity from source to source, 
and from day to day from the same source, because of the variable nature of the 
domestic sewage on which they grow. Although respirometry provides a more 
rapid response than using BOD) and duplicate reactors, inconsistency in the 
metabolic state and the nature of the sludge mars the technique. Respirometry is 
also very susceptible to oxygen scavenging by the test sample, hence effluents 
containing strong reductants, e.g., ferrous sulphides, may give false results. 
I n an ideal situation, to assess the toxicity of a chemical to the activated sludge 
process in a particular treatment plant, samples of sludge should be taken from the 
plant under study just prior to the release of the chemical into the plant, and used 
as the assay subject. However, this strategy relies both upon the rapidity of the 
testing procedure and the ability to easily incorporate indigenous sludge as the 
assay component. Due to the nature of conventional tests, these may not be 
possible. 
More rapid methods to determine toxicity towards activated sludge, such as the 
Microtox® assay, although precise and reproducible, lack environmental relevance 
since they employ inappropriate organisms. Oxygen electrodes incorporating 
activated sludge have also been developed commercially but these tend to be 
large, rmuor site installations and thus do not lend themselves well to a rapid 
toxicity assessment strategy over a number of sample sites (Schowanek i.'I aI., 
7 
1987; Vanrolleghem et al., 1994; Li et al., 1994, Praet et al., 1995). Also, as will 
be discussed in more detail later, oxygen electrodes themselves pose problems in 
particular when monitoring industrial samples due to the presence of chemical 
components which may have an inherent high oxygen demand. 
Whole cell biosensors incorporating single species were developed to provide a 
rapid and user-friendly test for the assessment of toxicity in the aquatic 
environment, but with added potential of using environmentally relevant test 
species. The generic methodology of mediated amperometry should theoretically 
allow the incorporation of both single species and also mixed species as the 
sensing organisms on a biosensor. This added attraction of the system would 
benefit the wastewater treatment industry since it should allow for the 
development of a test which is both rapid, easy to use, and allows for the use of 
relevant test species. 
In order to successfully develop and construct such a biosensor, two distinct areas 
were investigated: 
• 	 Comparison of the response of biosensors incorporating single species with 
standard assays and use this information to assess the value of using relevant 
specIes. 
• 	 Address the specific requirements of a multi-species biosensor and its 
application in both existing assay procedures and the specific niche of 
wastewater treatment plant protection. 
1.4 Bacterial cell structure 
1.4.1 Introduction 
In order to correctly assess bacterial health and develop an assay which accurately 
represents the health of the bacteria it is important to monitor those processes 
$ 
which reflect the metabolic state of the cells. An understanding of the vital 
components and metabolic pathways is therefore essential. 
1.4.2 The cytoplasmic membrane 
The cytoplasmic membrane (cell membrane, plasma membrane) is approximately 
6 to 9 nm thick and consists predominantly of protein and lipid. The membrane is 
a two dimensional arrangement of proteins embedded in a lipid bilayer (Figure 
1.1 ). 
IPolar region 
Hydrophobic core 
! Polar region 
Figure 1.1. A schematic representation of the cytoplasmic membrane showing the bilipid 
arrangement and associated proteins 
The cell wall is easily penetrated by most low molecular-weight molecules so the 
membrane functions as the main cellular structure for controlling passive ditTusion 
and active transport of molecules and ions in and out of the cell. It is the critical 
barrier separating the inside of the cell from its environment. If the membrane is 
damaged. death usually occurs. 
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As well as maintaining a permeability barrier, and transporting molecules and 
ions, the cytoplasmic membrane is also involved in the production of cellular 
energy via the electron transport chain (ETC). 
1 . ..f..2.1 The electron transport chain 
In aerobic bacteria respiration involves the step-wise oxidation of carbohydrates, 
fats, and proteins in order to liberate energy to fuel cell activities, including 
replacement of exhausted cell components and biosynthesis of new cells. The 
pathway by which the organic product of glycolysis (pyruvate) is completely 
oxidised to CO2 is called the tricarboxylic acid cycle (TCA cycle). The TCA 
cycle results in the formation of the reduced form of nicotinamide adenine 
dinucleotide (NADH). Electrons from NADH are transferred through a series of 
enzyme-mediated energy-yielding steps. These reactions produce energy which is 
used to combine inorganic phosphate and adenosine diphosphate (ADP) to 
produce adenosine triphosphate (A TP). The A TP acts as an energy transfer and 
storage compound and may be transported to other parts of the cell where energy 
is needed. The final step in the ETC is reduction of molecular oxygen to produce 
water. This topic has been reviewed by a number of authors (Anraku and Gennis, 
1987; Ingeldew and Poole, 1984; Haddock and Jones, 1977). 
The electron transport components are embedded in the cytoplasmic cell 
membrane in an ordered arrangement which permits energy conservation and A TP 
synthesis (Mitchell, 1979) (Figure J.2). 
The ETC reflects the metabolic status of the cell since it is central to the cells 
energy mechanisms, necessary for biosynthesis. motility and growth. As will be 
described, whole cell biosensors monitor the health of bacteria hy monitoring the 
now of electrons along the ETC, thus exploiting its central role. 
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Figure 1.2. Diagram showing the translocation of protons. the flow of electrons and the 
orientation of components ofthe ETC within the plasma membrane. 
1.5 Microbial toxicological assays 
The following account is not intended to be exhaustive, rather a number of 
commonly used and more novel techniques will be described to illustrate the wide 
availability of microbial toxicity tests (Blaise, 1991). The tests described 
highlight the fact that most of the assays were not intended to learn more about 
bacteria, rather bacteria are accepted as surrogates for higher organisms. The fact 
that the bacteria are surrogate organisms must be recognised and the results from 
the various tests which employ bacteria as the test organisms must be interpreted 
with care. Important exceptions are those assays which employ activated sludge, 
such as activated sludge respiration inhibition tests (described in section 2.3.2) 
II 
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and activated sludge nitrification inhibition test (described in section 2.3 .3), as 
their test organisms. These tests were designed to investigate the effects of test 
chemicals on activated sludge specifically, in order to provide protection for the 
activated sludge process, used in wastewater treatment plants, prior to the 
chemical being released into the plant. By using activated sludge in these tests, 
taken from the eventual receiving wastewater treatment plant, a greater 
understanding of the behaviour of the test chemical can be achieved, relatively 
rapidly and with validity, when that chemical is eventually released into the actual 
wastewater treatment plant. 
1.5.1 Effects of toxicants on bacteria 
There is a range of mechanisms by which toxicants affect and eventually kill 
bacteria. Alkylating agents, such as methylmethane sulphonate (MMS), directly 
effect genetic material, and exposure to halogens leads to protein denaturation. 
Other toxicants, such as phenol and quaternary ammonium compounds disrupt 
bacterial cell membranes, the result of which is the leakage of deoxyribonucleic 
acid (DNA), ribonucleic acid (RNA), proteins, and other organic materials from 
the cells. More subtle actions of toxicants are their effects on enzyme acti vity and 
their ability to block bacterial chemoreceptors. 
Physicochemical parameters (presence of other cations, pH, oxidation-reduction 
potential, temperature, organic matter, clay minerals etc.) may alter thc toxic 
effects of toxicants towards microorganisms and therefore must be taken into 
account (Vasseur el aI., 1986). 
Toxicity to bacterial cells may be measured via biochemical tests, which include 
measurement of enzyme activity, ATP content and bioluminescence, and by 
assays based on the measurement of viability or growth of a specific bacterial 
species or specific groups of hacteria. More novel approaches, such as utilising 
biosensor technology, may also be used to assess the impact of chemical inhibitors 
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on bacteria. The wide range of assays employing bacteria can be seen from Table 
1.1. 

Assay Indicator organism 
or community 
Anaerobic toxicity Methane bacteria in 
activated sludge 
ATP Activated sludge 
Bioluminescence P. phosphoreum 
C02 evolution Activated sludge 
Dehydrogenase Activated sludge 
activity 
Activated sludge 
Activated sludge 
Filamcntolls bacteria 
in activatt:d sludge 
Growth Pseudomonas spp 
Sewage bacteria 
Motility Spirillum mil/tans 
M icrocalorimetry Activated sludge 
Nitrification Nitrosomonas 
Ni/mhoc!('/" 
Nitrifying bacteria in 
activuku sluugc 
Nitrifying bacteria in 
activatcu sluuge 
Oxygen uptake Activated sludge 
Activated sludge 
Sewage bacteria 
Substrate uptake Activated sludge 
Total/viahle plate Sewage bacteria 
count 
Parameters measured 

Total gas production in 

Warburg apparatus 

ATP concentration 

Natural light 

14C02 evolution 

INT reduction!INT­
l()rmazan production 

TTl: reduction!TTC­
!()rmazan production 

ivkthylcllc blue reduction! 

decolourisation 

% INT-active liIamcnt 

length 

Cell division 

Ccll cone. 

Flagella coordination 

lleat production 

Alllillonia-N cone. 

Nitritc-N cone. 

oxidised Nitrogen 

oxygen uptake 

Oxygen uptake over 5-15 

min 

Oxygen uptakt: over 3-24 h 

Oxygen uptake over 7 day s 

14C-glucose urtake 
Bacterial colonies 
Analytical Reference 
techniques 
Manometry Stuckey et at. 
(1980) 
Luciferin- Brezonik & 
luciferase reaction. Patterson 
(1971) 
Colourimetry Bulich & 
Green (1979) 
Scintillation Caplan et al. 
e1981) 
Extraction & Koopman et al. 
co lourimetry (1984) 
Extraction & Ryssov­
colourimetry Nielsen (\ 975) 
visual obst:rvation Jorgenson 
( 1984) 
Counter staining! Bitton & 
microscope Koopman 
(1982) 
Microscopic Bringmann & 
obsC[vation Kuhn (1980) 
Turbidimetry Alsop e! al. 
( 1980) 

Microscopic Bowdre & 

investigation Krieg (1974) 

M icrocalorimdry Gustafsson 

(19114) 

Lieetrodc Kane & 

Williamson 

(1910) 

Electrode Williamson & 

Johnson (1979) 

Ion chromatograph DoE procedure 

Respirometry Stensel e! al. 
(1976) 
Respirometer or Green e! al. 
electrouc ( 1(75) 
Respirometl!r or Brot:cker & 
electrode Zahn (1977) 
Respiromder Ormerod & 
Efraimsen 
(19X4 ) 
Scintillation Larson & 
Schaeffer 
( 1982) 
Spread plates Green el 01 
( 1(75) 
Table 1.1. Examples of microbial bioassays (from Koopman & Bitton, 1986) 
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1.5.2 Enzymic assays 
Enzymes drive numerous key metabolic reactions in microbial, plant and animal 
cells and their inhibition could be the underlying cause of toxicity to the cells. 
Numerous studies have therefore been carried out to determine the effect of toxic 
pollutants upon their activity. In addition to detecting toxicity, monitoring 
enzyme activity may give insight into the mechanisms of action of toxic 
chemicals. Enzymic assays can be classed into the following categories: 
• Dehydrogenases 
• Adenosine Triphosphatases 
• Other enzymes 
1.5.2.1 Dehydrogenases 
Dehydrogenase enzymes catalyse the oxidation of substrates by transfer of 
electrons through the ETC. Specific dyes, which aet as artificial hydrogen 
acceptors, can be used as indicators of ETC activity. The dyes change colour 
upon reduction so enzyme activity may be easily measured indirectly by 
spectrophotometry. The most widely used indicator dyes in toxicity studies are 
triphenyltetrazolium chloride (TTC) and 2-(4-iodophenyl)-3-(4-nitrophenyl)-5­
phenyltetrazolium chloride (INT), with methylene blue, resazurin and tetrazolium 
blue having limited applications (Lehnard, 1968; Jones and Prasad. 1969; 
Patterson et al., 1970a; Klapwijk el al., 1974; Ryssov-Nielsen, 1975; Cenci and 
Morrozzi, 1979; Bitton and Koopman, 1982: Jorgensen, 1984; Dutton et al., 1986; 
Liu et al., 1986; Thompson et al., 1986; Torslov, 1993). 
TTC-dehydrogenase activity tests have been mainly developed for the 
determination of the impact of toxicants on activated sludge systems since it was 
proposed that dehydrogenase activity measurement could be a useful additional 
indicator of sludge activity (Ford el al., \966). Only fair correlation was observed 
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between TTC reduction and oxygen uptake rate (OUR) when assessing a number 
of toxicants (Klapwijk et ai., 1974), although better correlations were found when 
modifications to the assay were performed (Ryssov-Nielsen, 1975). It was 
determined that the sensitivity of the TTC test relative to OUR was toxicant 
specific but the TTC test was useful in evaluating the magnitude order of the 
inhibition caused by toxic substances. 
The effect of selected heavy metals and toxic organics on INT- dehydrogenase 
activity was compared with results from other microbial bioassays such as 
Microtox®, Spirillum volutans inhibition, Ps. pulida growth inhibition and TTC­
dehydrogenase activity. The test was less sensitive to selected organics 
compounds than either Microtox® or S. vo/utans inhibition, but was similar to 
growth inhibition and TTC reduction (Dutton et af., 1986). In a comparison with 
OUR, although INT-dehydrogenase activity was more sensitive to sludge age, the 
assays consistently correlated if the sludge was between 2 and 7 d old (Awong et al., 
1985). 
A toxicity test based on resazurin reduction by bacterial dehydrogenases has been 
developed by Liu (1981,1983,1986 and 1989) and Thomsom et al., (1989). This 
test consists of incubating activated sludge or pure cultures of Bacillus suhtilis in 
the presence of resazurin and toxicant and measuring the absorbance of the 
supernatant at 610 nm (maximum absorbance of unreduced resazurin) after an 
incubation period of 90 min. The assay was proved useful in the determination of 
EC so values, defined as the effective concentration of the test chemical which 
causes 50% inhibition of dehydrogenase activity, for sodium arsenite (25 ppm), 
sodium arsenate (100 ppm), sodium cacodylate (2000 ppm), and mercuric chloride 
« 1 ppm) (Liu, 1981). The assay was also used to determine the toxicity of 12 
chemicals to 6 pure bacterial cultures, each isolated from different environmental 
sources, and demonstrated the diverse responses of different bacterial species and 
mixtures of species to the same chemicals (Liu, 1985). It was suggested that there 
was little possibility of finding an ideal bacterial culture that is highly sensitive, or 
relevant, for all toxic compounds, indicating that it is not appropriate to assess the 
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toxicity of a chemical by a single bacterial species, rather the battery approach 
involving a number of bacterial species and tests was recommended. 
Shultz and Harman (1980) measured the effect of chemicals used in the fisheries 
industry (hyamine, formalin, rotenone, dimethyl sulfoxide) on dehydrogenases, 
but found little correlation between the inhibition of dehydrogenase activity and 
the toxicity data from the rainbow trout acute toxicity test. 
1.5.2.2 Adenosine triphosphatases 
ATP is the most important high energy phosphate compound in living organisms 
and serves as the primary energy carrier. It is generated during specific oxidation­
reduction reactions catalysed by membrane bound adenosine triphosphatases 
(ATPases). A TPases have been found to be inhibited both in vitro and in vivo by 
a number of organic and inorganic water pollutants (Riedel and Christiansen, 
1979). The effects of some toxicants on the in vitro activity of ATPase can be 
seen in Table 1.2 (Bitton, 1983). 
Chemical Inhibition of ATPase (ECso) 
DDT 1.50xi 0-4M 
Dieldrin 2.00xIO-4M 
Lindane 3.75xlO-4M 
Parathion 9.50xl0-3M 
NiCI2·6H20 1.75xlO-3M 
AlCl3 2.50xlO-4M 
Table 1.2. Inhibition of ATPase activity by selected toxicants. 
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1.5.2.3 Other enzyme based tests 
An alternative approach in toxicity testing is the measurement of inhibition of 
enzyme biosynthesis. In bacteria, certain adaptive or inducible enzymes are kept 
at low levels and energy for producing substantial amounts of these catalysts is 
conserved until such time as the required substrate becomes available or a 
repressor is removed. This phenomenon is known as enzyme induction and the 
classic model of an inducible enzyme is p-galactosidase (Jacob and Monod, 
1961). Reinhartz et at. (1987) have developed a test based upon a 
lipopolysaccharide (LPS) defective, mutant strain of E. coli, pre-stressed by 
freeze-drying, in which toxicants penetrate the rough LPS cell wall and inhibit the 
de novo biosynthesis of p-galactosidase (Toxi-Chromotest®). 
Buchman (1991) applied this test to determine toxicity in organic extracts from 
marine sediments and a solid phase testing procedure, based on the Toxi­
Chromotest®, called the Direct Sediment Toxicity Testing Procedure (DSTTP) has 
been developed (Kwan and Dutka, 1992). A comparative study (Kwan and 
Dutka, 1992) showed that the DSTTP compared favourably with Microtox®, 
producing rapid and sensitive results regarding the bioavailability of organic and 
inorganic contaminants in sediments, soils and sludges. 
Dutton et at. (1988) compared a toxicity assay based on the inhibition of p­
galactosidase activity with the Toxi-Chromotest®. The two assays had equivalent 
sensitivities for Cd2+ but ECso values for Cu2+, Hg2+ and formaldehyde determined 
via the Toxi-Chromotest® were significantly lower than those determined via p­
galactosidase activity. The sensitivity of the respective tests varied by a factor of 
3 for Cu2+, 39 for Hg2-, and 90 for formaldehyde. The variability of the Toxi­
Chromotest® results were also consistently less than that of the p-galactosidase 
activity assay. It was concluded that p-galactosidase biosynthesis was promising 
as a basis for testing the impact of environmental toxicants whereas the direct 
measurement of I)-galactosidase activity to assess toxicity was deemed not to be 
warranted. Subsequently, Bitton et al. (1992a) have developed a I)-galactosidase 
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activity assay for the specific determination of heavy metal toxicity under field 
conditions. The MetPad™ bioassay is primarily a qualitative test designed to run 
concurrently with other general toxicity tests and was found to be useful in 
pinpointing sediments with heavy metal toxicity (Bitton et al., I 992b). 
1.5.3 Bacterial luminescence assays 
Luminescence systems produce light which can be quantitatively measured, and 
bacterial and ATP luminescence assays are widely used in toxicity testing. 
Bacterial luminescence has a well documented history of research (Beijerinck, 
1889; Gerretson, 1920; Douderoff, 1938; Johnson et al., 1942; McElroy and 
Green, 1955; Hastings and Nealson, 1977) and has been reviewed previously 
(Bulich, 1986; Steinberg et af., 1995). 
Biochemically, bioluminescent systems are considered a branch of the electron 
transport system, coupled to respiration via NADH and the flavin 
mononucleotide: 
NADH2 + FMN Dehydrogenase) NAD + FMNH2 
Light emission represents high energy input and essentially wasted energy. 
Emission of a single photon of light requires at least 6 ATP, and because of the 
low efficiency of the luminescent system, up to 60 A TP per photon may be 
required. Due to this demanding process, under certain environmental or chemical 
stresses the luminescent pathway does not occur. 
The effects of metal chlorides, narcotics, and bacteriostatic agents on the 
luminescence of plate cultures of Photobacterium phosphoreum was investigated 
(Johnson et al., 1942). The study showed pronounced inhibition by Cu2+, C02+, 
Mn2e, Ni2+, and Ag2+, with slight inhibitions by Mg2t and Pb2+ chlorides. 
Conversely, an earlier study showed that some toxic compounds at low 
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concentrations caused a stimulation of luminescence Taylor (1936). An air 
pollution study was also conducted (Sie et at., 1966). These workers evaluated 
the use of a luminescent bacterium (P. fischeri) to detect toxic fumes within 
spacecraft. Hydrogen cyanide was detected at 1.5 ppm and chlorine was detected 
at 0.002 ppm. The same culture could be reused for several samples depending 
upon the age of the culture, the temperature, frequency, concentration, and type of 
toxicant tested, providing the system was purged with clean air between tests. 
P. phosphoreum was used with Chlorella sp. in a two organism coupled assay to 
investigate herbicides (Tehan et al., 1975). Inhibition of oxygen production by 
the algae was quantified using the luminescent bacteria since, at low oxygen 
levels, luminescence is proportional to oxygen concentration (Johnson et al., 
1974). EC50 values (mg 1-1) were determined for the following herbicides: 
diuron, 0.065; neburon, 0.1; monuron, 0_63; and atrazine, 3.0_ No mention was 
made in this study as to the precision of the bioassay method_ Problems were 
encountered with the system since the two organisms did not have compatible 
growth requirements_ A modification of the method, utilising the alga Dunaliella 
tertio/ecta, alleviated this problem and the toxicity of several herbicides were 
found to give EC50 values in the range of 0.001 to 4 mg 1-1 (Tehan and Chiou, 
1977)_ 
The first commercial toxicity test using luminescent bacteria was developed to 
screen aquatic pollutants for their toxicity (Bulich, 1979, 1981, 1982; Bulich and 
Greene, 1979; Bulich et al., 1990; Beckman Instruments, 1980). The assay, sold 
under the trade name Microtox® (Microbics Inc.), consists of measuring the light 
output of a selected strain of P. phosphoreurn, rehydrated from freeze-dried 
samples, in the presence and absence of toxicants_ 
Most of the luminescent bacteria produce light in the region of 470 to 510 nm 
(Johnson et al., 1974), with P. phosphoreurn producing light with maximum 
intensity at 490 nm (Bulich, 1981)- Consequently, highly coloured samples, 
particularly those that are red or brown, may cause non-specific reductions in light 
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level when analysed according to the standard Microtox® procedure since any light 
level reduction may not be distinguished from those caused by absorption by the 
toxicants in the assay. A colour correction procedure was therefore described and 
developed for the Microtox® bioassay which mathematically corrects the results 
obtained in the standard toxicity assay. 
The first quantification of precision for the Microtox® bioassay was described by 
Bulich et al. (1981). Four concentrations of sodium lauryl sulfate were tested by 
three technicians on different instruments. Each technician performed 9 assays 
each for a total of 81 determinations. The coefficient of variation (C.V.) for all 
5 min ECso values was 18%. These reproducibility experiments represented a 
worst case because the experiments included different operators, instruments, and 
different batches of reagent. The most complete study to address the question of 
Microtox® precision was conducted by the Canadian Petroleum Association 
(Strosher, 1984). Three laboratories participated in an interlaboratory comparison 
of Microtox® data for the testing of waste drilling fluids. The three laboratories 
generated 129 results on 29 shared samples. The C.V. for Microtox® 5 min ECso 
test data reached a maximum of ± 31 %, but gave an average of ± 11 %. For 15 
min tests, the average C.V. was ± 13% and the maximum ±31%. By way of a 
comparison, the results from the three labs performing a fish bioassay with the 
same samples showed a maximum C.V. of ± 98% with a mean value of ± 30%. 
Additionally, the toxicity of numerous components of oil well drilling fluids were 
compared using Microtox® and the rainbow trout acute toxicity assay (Strosher et 
ai., 1980). It was determined that the Microtox® test reproducibly quantitated 
small differences in toxicity, which were beyond the resolving ability of their 
rainbow trout test. 
Vasseur et al. (1986) showed that results for the same substance using Microtox® 
can be different if tested under varying physico-chemical conditions. The effects 
of the test temperature and the role of pH, buffers, hardness and salinity were 
studied for different exposure times of P. phosphoreum to various inorganic and 
organic compounds including cadmium, zinc, pentachlorophenol and benzene. 
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The results indicated that increasing the temperature of the medium to 20°C 
enhanced the sensitivity of the test for metals, possibly as a result of an enhanced 
uptake rate of the toxicant due to an increased metabolic rate (Jackim et al., 1977), 
whereas 15°C appeared to be a more suitable temperature for the testing of 
volatile hydrocarbons such as benzene. Similarly, extending the time of exposure 
to 30 min led to lower EC50 values, achieved previously by Indorato et al. (1984), 
for metals but not for organic compounds. Vasseur et al. (1986) also showed that 
the bacterial response was not significantly modified in a range of pH from 6 to 
7.5 although the authors were aware that alkaline conditions result in the 
complexation of metal ions in hydroxides, possibly reducing bioavailability. 
Buffering of the medium with phosphate and citrate buffers resulted in the 
disappearance of metal toxicity, probably as a result of complexation of these 
metals with the citrate and phosphate ions. However, buffering enhanced the 
toxicity of the organic compounds tested, pentachlorophenol and benzene. The 
authors were unable to explain this effect. 
The toxicity of the metals studied was also reduced when sodium chloride 
concentration increased from 1.5% to 4%, but this parameter was not found to 
modify the effect of pentachlorophenol and benzene. This influence of salinity on 
metal toxicity has also been noted by other workers (Hahne and Kroonthe, 1973; 
Weber and Posselt, 1976; Babich and Stotzky, 1982, 1983). 
An apparent antagonistic effect of calcium was observed for all four of the tested 
chemicals, a result which was in agreement with the findings of other 
investigators and with the general observation that the toxicity of heavy metals is 
directly correlated to the degree of hardness in fresh waters. 
For testing any complex industrial effluent Vasseur et al.(l986) concluded that the 
test should be conducted for at least 30 min at a chosen temperature corresponding 
to the optimal sensitivity of the bacteria. It was also suggested that the salinity of 
an effluent should be determined in order to adjust it to the recommended 2% 
NaCI level rather than supplementing each sample with a standardised amount of 
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sodium chloride. Also, the authors stated that information on the calcium content 
of a complex effluent was useful since it has to be taken into account in the 
composition of the control. 
Somaslmdaram et al. (1990) used Microtox® to assess the toxicity of pesticides 
and their hydrolysis metabolites. It was noted in the study that the toxicity of 
metabolites to P. phosphoreum may not correspond to toxicity to soil bacteria and 
that no attempt was made to relate the results of Microtox® to the effect of 
pesticides/metabolites on microbes under actual field conditions. The authors also 
stated that the Microtox® system was not suitable for assessing the toxicity of less­
water-soluble compounds, and in general, the data should be interpreted with 
caution because of the system's high sensitivity and differences in susceptibility to 
chemicals among the different genera of bacteria. 
It can be seen that one of the criticisms of the Microtox® test is that it uses a test 
organism which is only found in a specific environment, hence the 
appropriateness of the toxicity data obtained must be questioned. P. pho:,phoreum 
is a marine organism found associated with fish, either growing in a special organ 
which the fish possesses or growing saprophytically on dead fish, and it has an 
optimum temperature of 15°C, hence chilling is required when conducting the 
assay. P. phosphoreum grows at an optimum pH of 6.5, and, since it is a marine 
organism, the assay must be conducted at a salinity of 2%. While the Microtox® 
test is very rapid and precise, the ECso values obtained are usually very much 
lower than those obtained using other tests, and are therefore considered to be 
unsuitable for predictive purposes. However Microtox® may have a use in the 
ranking of chemicals according to their chemical toxicity, when a rapid assay is 
required (King, 1984). 
The increased sensitivity of Microtox® could may be due to the sensitivity of the 
organism, but the salinity and pH of the test water (2% NaCl, pH 6.5) will 
influence the bioavailibility of toxic compounds to the bacteria. As mentioned 
earlier, previous studies have established that increasing the ionic strength of test 
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solutions markedly affects the toxicity of metals, suggesting that other ionic 
compounds may be affected, thus increasing the toxic effects induced by certain 
chemicals (Vasseur et aI., 1986). 
The Microtox® system has significant and useful applications, although it is 
limited by the fact that the test organism is a bacterial species which has limited 
relevance in many industrial settings. However, normally non-luminescent 
terrestrial microorganisms which are either particularly sensitive to specific 
antimicrobial agents or specially relevant to an industrial process can be harnessed 
by equipping them lux genes, the genetic material required for encoding the 
luciferase system. Korpela and Karp (1988) described the use of bioluminescent 
E. coli for the detection of the heavy metal cadmium. A detection limit for the 
presence of Cd2+ of 47.5 mg 1-1 was determined after a 2 h measurement period_ 
Lee yet al. (1991) and Lee and Chen (1991) also utilised recombinant DNA 
technology by conferring E. coli with bioluminescence. In this system, sensitivity 
to chloramphenicol, fluoroacetic acid and neomycin sulphate was enhanced by 
treatment with ethylenediaminetetraacetate (EDT A) which is generally effective in 
increasing membrane permeability (Mackey, 1983, 1984). It was postulated that 
the extra sensitivity was due to the increase in hydrophobicity of the outer 
membrane as a result of the destruction of the lipopolysaccharide layer by EDTA 
treatment. 
1.5.4 ATP assays 
The measurement of A TP as a parameter in estimating biomass was first proposed 
by Holm-Hansen and Booth (1966). The method was based upon the assumptions 
that all living organisms contain ATP, that A TP is neither associated with dead 
cells nor adsorbed onto detrital material and the ratio of ATP to cell carbon is 
fairly constant for all microbial species, independent of metabolic activity or 
environmental conditions. Also, A TP can be rapidly extracted from microbial 
material and can be precisely measured. 
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These assumptions are mostly acceptable, however it has been shown that the ratio 
of ATP to cell carbon of microbial cells varies depending upon the species and its 
metabolic state as well as on the culture conditions and growth rate (Parker and 
Pribyl, 1984). Despite this, the technique is a convenient and reliable method for 
estimating total microbial biomass, particularly if a pure culture grown under a 
known nutrient regime is used. 
The standard assay consists of measuring the light emitted following the reaction 
of firefly luciferin with A TP. This reaction is catalysed by luciferase and Mg2+ 
(McElroy, 1947; Holm-Hansen, 1973). 
AIP + D -luciferin + 02 luciferase Mg2+ , 
oxyluciferin + AMP + C02 + PPi + light 
A. max = 562 nm 
The bioassay has been used for the measurement of live biomass in sea water 
(Holm-Hansen and Booth, 1966; Holm-Hansen, 1973), freshwater (Brezonik et 
al., 1975; Cavari, 1976), soils (Eiland, 1979), and in wastewater treatment plants 
with emphasis on the activated sludge process (Levin et ai., 1975; Patterson et al., 
1970a, 1970b). 
As a means to assess toxicity, ATP was first used to determine the toxicity of 
mercury on activated sludge (Brezonik and Patterson, 1971). The assay has been 
shown to detect a wide range of inorganic (e.g., HCI, NaOH, HgCI2) and organic 
(e.g., CHCI3, acrolein, acetone) compounds (Kennicutt, 1980), and that levels of 
dissolved oxygen influenced the viability of activated sludge (Williamson and 
Johnson, 1981). It was concluded that the AIP assay was a sensitive test, since a 
90% reduction was observed after the addition of 1 mg 1-1 HgCI2, and was reliable 
for estimating the lethal and sublethal effects of toxicants in environmental 
samples_ 
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1.5.5 Ames test 
This procedure evaluates the mutagenic potential of test chemicals by their effect 
on histidine requiring strains of Salmonella typhimurium. It was developed as a 
rapid, reliable and economical method for screening compounds of potential 
mutagenic activity at the nucleotide level. 
Ames et al. (1975) have shown a good correlation between carcinogens and 
mutagens using this simple growth plate assay that measures the induction of gene 
reversion by mutagens in specific strains of S. typhimurium. 
The basic plate assay is carried out by mixing the appropriate tester strain with the 
suspected mutagen in a soft, top agar, which is poured onto a bottom, minimal 
agar. The results are interpreted on the basis of the number of revertant colonies 
which grow on the agar surface. A test compound is considered nonmutagenic if 
it does not elicit a twofold increase in revertant colonies over the spontaneous 
reversion frequency determined from the control plates (containing the carrier 
solvent used in the test plates but no suspect chemical). However, if high 
spontaneous reversion rates are observed, it may be due to the use of ethylene 
oxide petri dishes or use of incorrect growth media or agar for the tester strains. 
One of the limitations of the Ames test is the lack of a method for measuring the 
toxicity of the test chemicals alongside their genetic interference, since if the test 
compound is bactericidal as well as mutagenic, the number of revertant colonies 
per plate may decrease at higher concentrations of the mutagen, masking the 
mutagenic property. More recently, rapid screening procedures (SOS Chromotest 
and Mutatox) have been developed for detecting the potential genotoxic effects of 
chemicals in water and sediment samples (Xu et al., 1989; K wan et al., 1990). 
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1.5.6 Growth inhibition 
Inhibition of growth is the criterion which is used as a means of assessment in 
many bioassays since it is a complex physiological process and its inhibition 
reflects toxic effects on numerous biological functions rather than simply 
assessing inhibition to a single metabolic process (Alsop et a!., 1980; Trevors et 
al., 1981; Slabbert, 1986; Torslov, 1993). The integrating value of growth must 
therefore be recognised as being important in order to assess the overall effect of 
the toxicant on the bacterial cell or community. 
Studies on the mode of action of toxicants, mechanisms of death and recovery 
from short-term toxic stress, form an important aspect of environmental 
toxicology. Initial growth experiments usually determine the minimum inhibitory 
concentration (MIC) of toxicant that inhibits growth or survival of various 
microorganisms and it gives a useful starting point for other investigations. 
There are numerous methods used to accurately determine bacterial growth. The 
most commonly used are direct microscopic counts, electronic cell counters such 
as the Coulter Counter®, most probable number (MPN) analysis, turbidimetry 
measurements and colony counts on agar plates. 
Major advantages of the agar plate method compared with other short-term 
bioassays are (a) minimal equipment, (b) test simplicity and (c) the assay is not 
limited to any specific bacterial species. Indeed, Anderson and Abdelghani (1980) 
used plate count inhibition assays to study the effects of arsenical compounds on 
the growth of a number of bacterial species; Citrobacter freundii, Aeromonas sp. , 
and Klebsiella sp. The usefulness of the agar plate method to rank the toxicity of 
chemical compounds has been investigated and confirmed (Cenci et a!., 1987). 
Liu and Kwasniewska (1981) reported that the agar inhibition test was more 
sensitive when the chemical was placed directly on the agar surface. An extensive 
refinement of this study was described by Liu et al. (1989) whieh allowed for the 
rapid toxicity assessment of both water-soluble and -insoluble chemicals within a 
3 to 4 h time frame. 
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The measurement of turbidity as an index of bacterial growth has been used for 
many years by microbiologists (Bringmann and Kuhn, 1975). Pure cultures of 
bacteria isolated from soil, activated sludge, or streams can be used in the toxicity 
test. Growth inhibition tests using sewage microorganisms suspended in nutrient 
broth/sodium acetate solution have been considered by Alsop et al. (1980) to 
measure the toxicity of acetone, formaldehyde, methanol, phenol, sodium cyanide, 
and heavy metals. Dutka and K wan (1981) also used toxicity tests based on the 
growth inhibition of P. jluorescens and Aeromonas hydrophila. 
The inhibition of growth/activity of specific bacteria involved in nutrient and 
mineral cycles has been investigated by several workers (Williamson and Johnson, 
1979,1981; Alleman, 1988; Blum and Speece, 1991). Two examples of bacterial 
bioassays using ecologically important species of bacteria, which successfully 
fulfil the needs of sensitive industrial and wastewater bioassays, are the 
Nitrobacter bioassay for assessment of wastewater toxicity by evaluating 
inhibition of N02 metabolism and the method using the Nrfixing species of 
Azotobacter vinelandii . (Williamson and Johnson, 1981). 
Growth provides direct evidence of the viability of a population, whereas light 
production (section 1.5.2 ), respiration (section 1.5.7), and nitrification (section 
1.5.8) do not necessarily reflect viability. Studies of growth will therefore yield 
information about the longer term effects of a chemical on a microbial population. 
Also. since growth involves a wide range of microbial reactions, it is likely to be 
more vulnerable to inhibitors than metabolic activity of an existing population. 
The use of actively growing cells as a bioassay procedure should allow the toxic 
response to be detected at relatively low concentrations. 
1.5.7 Spirillum vo/ulans bioassay (Bowdre and Krieg, 1974) 
S. vo/utans is a relatively large aquatic bacterium (1.4 - 1.7 ~m diameter. 16-28 
11m in length) with a rotating fascicle of flagella at each pole. During normal 
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swimming, the polar fascicles form oriented cones of revolution. The bacteria 
frequently reverse their direction, and during this process both polar fascicles re­
orient simultaneously, with the tail fascicle becoming the head fascicle and vice 
versa 
Krieg et ai. (1967) described flagella uncoordination of two types in response to 
low concentrations of various toxicants; dual-head co-ordination, with both 
fascicles assuming the head orientation; and dual-tail co-ordination, with both 
fascicles undertaking the tail configuration. Although the flagella still rotate at 
high speed, about 40 revolutions per second, the uncoordinated cells are unable to 
swim because of the opposing propulsion at the cell poles. 
The bioassay, which is a modification of the procedure developed in 1974 by 
Bowdre and Kreig (Dutka, 1978), is based on observing a decrease in motility 
and/or death of 90% of the test cells, which is considered a positive toxic effect, 
over a time period of 120 min. The assay has been used by Dutka and Switzer­
House (1978) to assess the distribution of toxicants in Lake Ontario and Hamilton 
Bay. However, although relatively sensitive and rapid, this test is less sensitive 
than the Microtox® assay for the estimation of the toxicity of industrial et1luents 
(Dutka and K wan, 1981) and the cultures of S'. vo/utans are particularly fragile 
with a short life span of 3 to 5 days. 
1.5.8 Respiration inhibition assays 
The respiratory activity of microorganisms has been used as a measure of their 
health and activity (King and Dutka, 1986). Whilst it may not allow the 
identification of all toxic effects (bacteria may continue to respire after they losc 
the ability to grow and divide), it does provide a useful measure of acute toxicity 
that is rapid to measure and simple to perform. 
Inhibitors can act at various points in the respiration process, for example, 
indirectly by blocking uptake of substratc, competing for hinding sites, interfering 
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in active transport through the cell membrane, and directly by inhibiting enzymes 
involved in oxidation, dehydrogenation, and oxidative phosphorylation. Problems 
are encountered with respiration based assays if the enzymes involved in oxidative 
phosphorylation are specifically affected. No reservoir of ATP can be produced to 
fuel other cell activities such as biosynthesis, and the respiration rate will increase 
as the proportion of substrate which goes to complete oxidation Increases. 
Respiration rates will eventually fall due to cellular exhaustion. 
The most widely used method for characterising activated sludge is measurement 
of its respiratory activity. The OEeD method of toxicity assessment is based 
upon the Ecological and Toxicological Association of Dyestuffs Manufacturing 
Industries (ETAD) method (Brown et aI., 1981), and has been reviewed and 
compared with other tests by a number of workers (King and Painter, 1985,1986; 
Klecka and Landi, 1985; Yoshioka et ai., 1986; Elnabarawy, 1988). 
Generally, the respiration rate of activated sludge, determined by monitoring the 
depletion of dissolved oxygen, is used as a parameter to assess either the ability of 
the sludge to metabolise the compound or its susceptibility to inhibition. The 
effects of the test compound on both the unfed sludge, i.e., the endogenous rate, 
and the maximum oxygen uptake rates are measured using an oxygen electrode in 
an enclosed cell. 
The test period for respiration inhibition can be a factor which accounts for 
possible non-comparability between tests. Contact time is 3 h in the ETAD 
method whilst 30 min has been included in the ISO method. Toxicity may remain 
the same over the 3 h period as with chemicals such as 3,5-dichlorophenol (King 
and Painter. 1986), or it may increase or decrease over the exposure time. Also 
the presence of other chemicals or other chemical components in chemical 
formulations may increase or decrease the toxicity of the test chemical (Dutka and 
Kwan, 1984). 
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The effects of chemicals on oxygen uptake ofPseudomonas putida was conducted 
and the assay was found to be relatively sensitive, simple and economical 
(Slabbert and Grabow, 1986; Slabbert, 1987). 
Due to lack of consistency of data from the ETAD test, Brown et al. (1981) 
recommended that results should be reported in orders of magnitude to avoid 
putting undue emphasis on an ECso value. However, relatively consistent results 
were obtained for 3,5-dichlorophenol, which was subsequently adopted as a 
toxicity standard. It was concluded by ISO and the Standing Committee of 
Analysts (SeA, U.K.) that the modified ETAD method, although showing 
variability of results, was acceptable for screening the toxicity of chemicals and 
wastewaters and the variability was no greater than that expected from a 
biological assay. Further attempts at standardisation of the activated sludge 
inoculum were considered to be impractical and not worthwhile, since one of the 
objects of the method was to aim for simplicity and low cost. 
1.5.9 Nitrification inhibition 
In aerobic environments, such as lakes, soi Is and wastewater treatment plants, 
ammonia can be oxidised to nitrogen oxides and nitrate in a process called 
nitrification facilitated primarily by two groups of chemolithl)trophic bacteria: 
Nfl! -'t N02 nitrosofying (nitrite forming) bacteria 
N02-'t NO] nitrifying (nitrate forming) bacteria 
Inhibition of either of these two groups may significantly alter the dynamics and 
balance of the soil nitrogen pool. These organisms, however, grow vcry slowly 
and are difficult to maintain and study in pure culturc (Allcman. 1988). 
Consequently, most studies have focllsed not on the growth or death of these 
organisms, but on the impact a toxicant has on the process of nitrification. 
]() 
The nitrification assay is a sensitive measure of toxic shock although results have 
indicated that the nitrifiers were no more susceptible than heterotrophs to 
inhibitory chemicals, although sensitivity varied depending upon the genera of 
nitrifying bacteria (Kapp, 1988). 
1.6 Biosensors 
A biosensor comprises a biologically sensitive material immobilised in intimate 
contact with a suitable transducing system which converts the biochemical signal 
into a quantifiable and processable electrical signal (Lowe, 1985) (Figure 1.3). 
Biosensors are therefore analytical applications of biologically derived catalysts 
which can consist of isolated enzymes, immunosystems, tissues, organelles or 
whole cells. It is the biologically sensitive material which is responsible for the 
recognition of the analyte and hence, for thc specificity and sensitivity of the final 
device. 
The advantages of bioscnsors over conventional assays for the purposes of toxicity 
assessment lie in their sensitivity, simple operation, j~lSt response times and small 
size. The suitability of whole cell biosensors for toxicity assessment in particular 
environments will be descrihed in detail in section 1.6.5.2. 
The earliest description of a biosensor was given by Clark and Lyons (1962) who 
coupled the enzyme glucose oxidase to a platinum oxygen electrode in order to 
continuously mClnitor glucose in cardiovascular surgery. The term enzyme 
electrode was first coined hy Updike and Hicks (1967) and the first commercial 
biosensor was developed in 1974 for direct measurement of glucose blood 
samples (Yellow Springs Model 23 YSI analyzer) (Clark, 1987) . 
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Transducer > Signal. --~> Dataprocessing 
Figure 1.3. General scheme of a biosensor illustrating the various components 
The transducing element of a biosensor is used to convert the biological 
recognition step into an electronic or optical signal that can be digitized and can 
subsequently be amplified, stored and displayed. Transducer technologies can be 
broadly divided into four main categories with respect to their operating 
principles: There are four main categories of transducer: optical, calorimetric, 
acoustic and electrochemical devices. 
1.6.1 Optical biosensors 
In an optical biosensor, thc intcraction of thc biocatalyst with the target analyte 
brings about a change in the optical properties of the system. These optical 
paramcters include absorbance, reflectance and luminesccnce. 
Goldfinch and Lowe (1984) described an optodectric sensor III which 
triphenylmethane dyes such as bromocresol green and bromothymol blue were 
immobiJised, in conjunction with enzymes such as penicillinase. urease and 
glucose oxidase, on a transparent membrane. In the presence of the appropriate 
substrate, the catalytic action of the enzyme perturbed the local pH causing a 
colour change in the dye. However. since the system is dependent on pI-! changc. 
the buffering capacity ofthc sample must be limited. 
Optical devices which exploit the absorbance changes 111 pH-sensitive dyes in 
miniature optoelectronic probes have also been devcloped (Seitz, 1984; Arnold, 
198).1989~ (]rattan ef aI., 1987). 
Several different optical sensors have heel1 described by Scheper ct 0/ (1994) 
based on glass fibre technology. The results show that optical sensors arc suitable 
for biotechnological applications although the authors acknowledge that more 
practical applications of these sensors for process monitoring are necessary to 
enhance knowledge about practical optode analysis, and to shorten the gap 
between research and industrial application. 
Optical sensors offer several advantages over devices based on electrochemical 
detection. They do not require a reference electrode and are not susceptible to 
electrical interference. Also, the reagent phase need not be in direct contact with 
the transducer and so this provides ease of transfer from one sample to another. 
However, optical sensors are expensive and are subject to interference from 
ambient light coloured and turbid samples. There may also be stability problems 
oflight-emitting components in the reagent phase. 
1.6.2 Calorimetric biosensors 
These sensors incorporate thermistor probes to monitor the enthalpy change 
associated with a chemical reaction. Most enzymatic reactions are accompanied 
by heat evolution in the range of 5-100 kJ mol-I and temperature changes in the 
range of 10-2 °c are monitored. This approach can be applied to enzyme, whole 
cell and tissue based systems, is insensitive to the optical properties of the sample 
and does not require amplification systems (Guilbault et al., 1983). Thermistor 
biosensors have also been used in flow micro calorimeters for monitoring the 
cultivation of E. coli in batch and continuous culture and in a thermometric 
enzyme-linked immunosorbant assay (Mattiasson and Hakanson, 1992). Enzyme 
based calorimetric biosensors have also been applied to the detection of toxins in 
environmental samples, for example heavy metal detection by immobilised urease 
and carbamate and organophosphate detection by cholinesterase (Danielsson and 
Mosbach, 1987) 
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1.6.3 Acoustic resonance densitometry 
Acoustic resonance densitometry (ARD) is a highly sensitive measure of the mass 
per unit volume of fluids which has proved useful for microbial biomass 
monitoring in fermentation processes. The correlation between ARD biomass 
estimation and estimates provided by dry weight or O.D. measurements, have 
been shown to be significant (Clarke et al., 1985). 
1.6.4 Electrochemical biosensors 
Optical, calorimetric and ARD based biosensors have proved to be useful in 
specific roles. However, most of the work reported in the biosensor field has 
focused on the combination of biocatalytic components with one of two types of 
electrochemical transducers; potentiometric electrodes, where the voltage charge 
is monitored; and amperometric electrodes, where the current is monitored. 
Conductance and impedance are also forms of electrochemical detection, and 
these techniques have found applications in biomass estimation (Harris and Kell, 
1985; Leech, 1988). 
1. 6.4.1 Potentiometric electrodes 
Potentiometric sensors measure the potential difference between the transducing 
electrode and a reference electrode under conditions of zero electron flow. The 
response (m V) is a logarithmic function of the concentration according to the 
N ernst equation: 
o RTE = E - -lnQ
nF 
E is the potential measur~ EO is the standard potential, R is the gas constant 
(8.314 J K-1 mol-I), T is the absolute temperature in Kelvin, n is the number of 
electrons transferred in the electrode reaction, F is the Faraday constant, equal to 
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9.6487 10-4 C val: 1, and Q is the ratio of activities (related to concentrations) of 
the reactant(s) and product(s). The best known potentiometric device is the ion­
selective electrode (ISE). Ions in solution are quantified by observing changes in 
electrode potential occasioned by binding selective ions to a sensing membrane. 
The oldest and simplest ISE is a conventional pH meter. The electrode comprises 
of a H+ sensitive glass membrane that functions as a cation exchanger. 
The Nemst equation is valid only tmder certain conditions, e.g., at very low ion 
concentration. The response of an ISE to an ion, i, of higher concentration 
(activity aj) and charge z, is given by the Nickolski equation: 
2.303 RT I [. k .)z/y]E = constant + og aI + ij(aJ
zF 
kjj is the selectivity coefficient, and j is any interfering ion of charge y and activity 
aj (a more detailed review of potentiometry can be found in Tran Minh Canh, 
1995 and Kaun and Guilbault, 1987). 
At present, ISEs are commercially available for a considerable number of ions, 
e.g., Na+, K+, Ca2+, Li+, NH4+, plus a variety of anions, drugs and other materials. 
The best example of a potentiometric biosensor is the enzyme electrode, in which 
an immobilised enzyme is coated over a conventional ISE; this specifically 
measures substrates or products as they are produced or consumed at the electrode 
surface. 
Since potentiometric biosensors show a logarithmic relationship between the 
electrode potential and the analyte species, small errors in the measured potential 
can lead to large errors in the analyte concentration reported. Potentiometric 
sensors therefore require a stable reference electrode and filters to eliminate 
electronic noise. 
$ 
1.6.4.2 Amperometric electrodes 
Unlike potentiometric biosensors, amperometric sensors measure the current 
resulting from the application of a constant potential difference between the 
transducing and reference electrodes. When an amperometric transducer is 
employed, the species of interest is oxidised or reduced, and the resulting current 
is a function of concentration of the analyte at the electrode surface. Any 
substance capable of facile electrochemical oxidation or reduction at an electrode, 
such as a redox enzyme, may be monitored in this way. 
The oxidation of glucose by the flavoprotein enzyme glucose oxidase leads to the 
formation of hydrogen peroxide: 
glucose oxidase D - glucose + 02 ) D - gluconic acid + H202 
Hydrogen peroxide can be detected by reoxidation at a platinum electrode set at a 
positive potential. Such an amperometric enzyme electrode can be used for the 
quantification of glucose in the concentration range 10-7 to 10-3 moll-I. Generally, 
the enzyme is trapped within a suitable polymer matrix membrane around the 
electrode or covalently attached directly to the electrode surface and covered with 
a thin protective membrane. 
Amperometric detection has found wide application to measurements in biological 
media due to the fact that, under favourable conditions, concentrations of 10-8 mol 
I-lor lower can be detected over a range of 3 to 4 orders ofmagnitude. 
Amperometric electrodes usually respond faster than ion-selective electrodes since 
they do not depend on mass transfer interfaces. However, they monitor all 
electron transfer reactions at the applied potential, and therefore they are less 
selective and more difficult to standardise. 
Amperometric measurements of analytes in biological media were originally 
carried out using the dropping mercury electrode (Brezina and Zuman, 1958). 
However, simpler devices such as solid electrodes constructed of noble metals 
such as platinum and gold, or various fonus of carbon are now preferred. Since 
the first description of the enzyme oxygen electrode (Clark and Lyons, 1962), the 
monitoring of the consumption of oxygen or the biocatalytic generation of H20 2, 
are still the most common amperometric assays (Brooks and Turner, 1987). 
However, amperometric biosensors based on the consumption of oxygen are 
susceptible to variations in the oxygen tension of the sample. Also, the high 
potential, i.e. -600 mV, needed to reduce oxygen at a platinum electrode 
encourages interference from other electroactive species in the solution. These 
problems are overcome by replacing oxygen with an artificial electron mediator 
which shuttles the electrons from the biological component to the electrode. 
1.6.4.2(i) Mediators 
Mediators act as redox couples and are reduced more rapidly, at a specific 
potential, than the competitive reduction of oxygen and, in turn, transfer electrons 
from the biocatalyst to the electrode surface (Cardosi and Turner, 1987). 
Williams et at. (1970) used p-benzoquinone in a mediated enzyme biosensor 
based on the enzyme glucose oxidase, recognising the similarity between p­
benzoquinone and the natural mediator Coenzyme Q. Delaney et at. (1984) have 
shown that redox dyes are also capable of diverting electrons from whole cells of 
several bacterial species in fuel cell configurations, using glucose and succinate as 
biological fuels. 
A suitable mediator should exhibit the following characteristics: 
• 	 A redox potential significantly lower than that of°2­
• 	 Unreactivity in the reduced form to 02. 
• 	 Ability to facilitate rapid electron transfer between reduced mediator and 
reduced biocatalyst. 
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• 	 Stability in both the oxidised and reduced forms. 
• 	 A redox potential as close to zero as possible, in order to prevent interference 
from other species in the solution which are electroactive within the potential 
window (Higgins et ai., 1987) . 
• 	 Should preferably be amenable to immobilisation and for food and clinical 
applications they must be non-toxic. 
Among various mediators proposed for use in amperometric biosensors, 
compounds such as 7,7,8,8-tetracyano-p-quinodimethane (TCNQ), 
tetrathiafulvalene (TTF), p-benzoquinone, potassium hexacyanoferrate (III) 
(Cardosi and Turner, 1987) and derivatives offerrocene (Cass et al., 1984) have 
proven to be successful. 
The first successful enzyme electrode based on ferrocene contained an insoluble 
derivative of the mediator, 1, I-dimethyl ferrocene, and glucose oxidase (Cass et 
ai., 1984). The mediator was incorporated into a graphite electrode upon which 
the enzyme glucose oxidase was immobilised. 
1.6.5 Whole cell biosensors 
Direct and indirect potentiometric and amperometric enzyme sensors have been 
described for the determination of more than 80 different substances including 
cofactors, inhibitors and enzyme activities (Riedel et aI., 1989, 1991, 1993). 
However, the high cost of pure enzymes and the complexity of developing 
immobilisation procedures on a commercial scale have prompted the search for 
different approaches. Since most of the enzymes employed for use in sensors 
have been isolated from microorganisms, it is logical that the organisms 
themselves should be regarded as potential biocatalysts, even iftheir manipulation 
appears to present more complex problems. 
The fIrst report of a whole cell organism sensor appeared in 1975 when Divies 
described a microbial electrode for assaying ethanol using a cellulosic pellicle of 
Acetobaeter xylinium at an oxygen electrode. In addition, whole organism sensors 
have been developed for the assessment of biological oxygen demand, acetic acid, 
alcohol, ammonia, arginine, aspartate, cephalosporin, cholesterol, cysteine, formic 
acid, glutamine and methane (Karube, 1987). Tissue materials from plant and 
mammalian sources have also been employed as the biocatalytic components for 
the construction ofbiosensors (Rechnitz, 1978). 
Most microbial sensors have been based on amperometric oxygen electrodes or 
potentiometric ammonia or carbon dioxide sensors. Work by Karube et al. (1977) 
has utilised oxygen electrodes for the development of microbial sensors to 
monitor changes in respiratory activity, methanol and ethanol concentrations, 
assimilation of organic compounds such as sugars and methane, and production of 
electro active metabolites. 
Dorward and Barisas (1984) described an acute toxicity monitor which involved 
the potentiometric measurement of CO2 production by E. eoli cells immobilised at 
the surface of a CO2-sensing electrode. The cells were exposed to glucose in the 
presence of the water sanlple to be tested and the inhibition of respiration, 
measured by a reduction in CO2 production, proved a sensitive and reliable 
indicator for the presence of toxic materials, comparing favourably with 
Microtox® and the rainbow trout 96-h LCso bioassays. 
1.6.5.1 Mediated amperometric biosensors 
There are intrinsic differences between the mechanism of signal-generation from 
whole cells and that of mediated enzyme electrodes. In the latter case electrons 
are taken from reduced enzymes at specific donor sites (or a limited nwnber of 
sites) provided that there is a relatively free access for the mediator. Access of a 
mediator to sources of reducing power within an organism is restricted, however, 
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by the cell walls and the cell membrane, and these same sources may be varied in 
number and location (enzymes, pyridine nuc1eotides, quinone intermediates, 
cytochromes). In principle it is possible for a mediator to interact with a particular 
intracellular electron donor, but since complex interactive redox states are present 
it is useful for inany purposes to view the electrons as residing in a reducing pool 
within the cytoplasm. 
In a whole cell bacterial biosensor, a current can be obtained by monitoring 
electron flow along the ETC of the bacteria using mediators, such as potassium 
ferricyanide or p-benzoquinone, to aid current flow between the bacterial cell and 
the transducing element (Hadjipetrou et ai., 1966; Ramsey, 1986; Ramsey and 
Turner, 1988, Richardsonetal., 1991). 
Following work by Poole and Haddock on E. coli membrane particles (1975), 
which suggested that the mediator potassium ferricyanide accessed electrons from 
the ETC on the substrate side of the quinone, Ramsay (1986) and Ramsay and 
Turner (1988) reported that potassium ferricyanide was able to access electrons 
from the ETC of whole E. coli cells. Using the respiratory inhibitor, amobarbital, 
which exerts its effect at the beginning of the ETC, they observed a significant 
reduction in the level of electron donation to the ferricyanide ion and suggested 
that the mediator accessed electrons at or after the dehydrogenase level on the 
ETC, but before the quinone level. These findings compare favourably to earlier 
work conducted on anaerobically respiring E. coli by Hadjipetrou et al. (1966), 
who reported that ferricyanide reduction in aerobically respiring cells using 
glucose as a substrate was not coupled to ATP synthesis, suggesting it accesses 
electrons from the beginning of the ETC. They also showed that ferricyanide ions 
were not toxic to the bacterium after two hours exposure at 260 mM, suggesting a 
passive transfer of electrons to the mediator. 
Rawson et al. (1987, 1989), Gaisford et al. (1990) and Richardson et al. (1991) 
have reported the development of whole cell bacterial biosensors which use 
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chemical mediators to access cellular redox events and monitor the metabolic 
status of the immobilised microbial population (Figure 1.4). 
Figure 104. Interaction between lipophilic (Mp) or lipophobic (Mb) mediators and bacteria, 
immobilised on a poised electrode 
This technique was successfully applied to monitoring the photosynthetic activity 
of the cyanobacterium Synechococcus sp. immobilised as the biocatalytic species 
(Rawson et al., 1987). After illuminating the cyanobacteria in a continuous flow 
system by means of a photodiode, the mediator potassium ferricyanide was 
reduced by the bacterial photoelectron transport system, and the mediator's 
reoxidation could be monitored by means of an amperometric electrode. 
Inhibition by various herbicides could be detected within minutes at sensitivities 
of less than 200 ppb. 
1.6.5.2 Use of mediated amperometric whole cell biosensors as toxicological 
tools 
For the purpose of monitoring toxicity, the use of amperometric whole cell 
biosensors offers several advantages over cOnventional enzyme electrodes: 
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• Disruption of the metabolic status of the cells, such as caused by a change in 
temperature or pH, or by the exposure to a toxicant, may rapidly result in a 
change in biosensor signal. 
• Elimination of tedious enzyme extraction and purification steps. 
• Avoidance of the need for a cofactor since the required substances 
already present in the living cell. 
are 
• Some potentially useful enzymes are unstable, or may need a hydrophobic 
environment or sophisticated methods of immobilisation in order to function. 
Within the cell, an increased stability and activity is conferred on the enzyme 
due to it being in its own natural environment, an environment "optimised by 
evolution" . 
• The biosensor activity can be regenerated by immersion in nutrient medium 
since the microbial sensor is essentially living and may be fed and kept alive 
for extended periods of20 days or more (Kobos et al., 1979). 
• Where oxidation in the cells involves several degradative stages to provide 
reducing intermediates, whole cells might provide a bigger electrochemical 
signal than a single enzyme, which may be of importance in the construction 
of microbial fuel cells in which microorganisms give a direct electrical signal 
(Bennetto et al., 1987). 
• The bacterial cell is versatile and may perform multistep transformations that 
can not be achieved with single enzymes. 
• A number of microorganisms are genetically well characterised, and methods 
of strain-selection to obtain biocatalysts providing specific activity, 
selectivity, and specificity exist. The use of mutants could provide an 
additional range of biocatalysts. Also, the potential for developing 
biosensors capable of working in extreme environments such as high 
temperatures may be facilitated by incorporation of thermophilic bacteria 
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• 	 Enzymes might be shielded within the cells from signal-generating 
substances. 
• 	 Appropriate bacterial species can be selected for specific sensor applications 
in order to confer relevance and validity to the test. 
Disadvantages of whole cell biosensors compared to enzyme biosensors also exist: 
• 	 Limitations due to the regeneration process are caused by an increased 
thickness ofthe bacterial layer, often resulting in longer response times. The 
contamination of the biocatalyst with undesired microbes also limits this 
means of enhancing electrode response due to increased diffusion 
limitations. 
• 	 Microbial sensors suffer from the multireceptor behaviour of intact cells, 
resulting in rather poor selectivity, although this ability to recognise a group 
of substances can be exploited for the determination of complex variables, 
such as the sum of biodegradable compounds in waste water (Hikuma et at., 
1979), screening for mutagens (Karube and Suzuki, 1981) and for 
monitoring environmental pollutants (Rawson et ai., 1987, 1989; Gaisford et 
ai., 1990). 
The ability of whole cell biosensors to monitor complex metabolic events such as 
assimilation, respiration, photosynthesis or mutagenesis limits application, but 
enhances success in such fields as fermentation or environmental monitoring. 
As stated, this study will investigate the potential of whole cell mediated 
amperometry for the purposes of monitoring the toxicity of pure chemicals and 
effluents on both the indigenous organisms within the wastewater treatment plant 
environment and on model systems. In the future, the sensors may be envisaged 
to be either re-usable or in a continuous mode of operation. It is therefore 
important to recognise that within that environment, the majority of the time there 
may be either sub-lethal toxic effects or sporadic toxic events. The metabolic 
recovery of the bacteria on the sensor and hence its regeneration would need to be 
demonstrated, thus a study into the effect of short term stress will be conducted. 
1.7 Recovery of bacteria from short-term toxic stress 
1.7.1 Background 
Microbial injury is characterised by the capability of the microorganism to return 
to normal during a resuscitation process in which the damaged essential 
components are repaired (Beuchat, 1978). 
A great interest in damaged microorganisms has been evident over the years and 
has initiated research in food microbiology laboratories directed tow8xd practical 
implications of the findings (Busta, 1976). Sublethally injured microorganisms 
are important in each of the major areas of food microbiology, i.e., food 
preservation and spoilage, food safety and consumer protection, and food 
manufacture and culture propagation. 
Injury may be manifested as the inability of bacteria to form colonies on a defined 
minimal medium while retaining the colony forming capability when complex 
nutrients are supplied. It may be observed as the inability of the organism to 
multiply in a liquid or solid medium that contains a selective agent that has no 
inhibitory action on unstressed cells. Regardless of the method of evaluation, 
injury is observed when cells that survive a given stress lose some of their 
characteristic metabolic capabilities. 
1.7.2 Cellular changes associated with injury 
The resuscitation process is related to some or most of the cellular changes that 
occur after a sublethal treatment that impairs certain activities of the 
microorganism. Many of the cellular modifications are reversed or losses are 
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restored to the normal state during a time period that precedes cell division. 
Ribosomes that have been degraded during a heat treatment are able to be 
regenerated and phospholipids are also synthesised during the recovery period. 
A host of cellular changes have been implicated and related to depressed 
metabolic capabilities of injured cells. Often injury is observed as an increased or 
new sensitivity to selective agents, antimicrobials or toxicants in the growth 
medium for the damaged cells. Salt tolerance is lost by S. aureus and E. coli. 
Deoxycholate inhibits injured E. coli and frozen S. faecalis become sensitive to 
sodium azide. One possible interpretation for these newly developed sensitivities 
would be cell membrane or cell envelope modification in the damaged cells 
(Beuchat, 1978). 
Injury to the cytoplasmic membrane is of particular importance in determining the 
level of possible resuscitation. Injured cells frequently lose some of their cellular 
material through leakage into the surrounding medium. Frozen cells of E. coli 
release amino acids, small molecular weight ribonucleic acids, and peptides (Ray 
and Speck, 1973). Heat-injured S. aureus cells release potassium, amino acids 
and proteins. Similar patterns have been observed in other damaged bacteria. 
Release of lipopolysaccharide indicating damage to the outer membrane, was 
correlated with sublethal injury, and preceded death in heated E. coli. When 
sufficient essential cellular material is lost, due to damage to the cell membrane, 
and not restored. by the cell operating under appropriate conditions, injured cells 
are not able to proliferate in the normal fashion (Abbiss, 1983). 
Chemicals can exert a wide range of effects on bacteria causing death and injury. 
Biochemical and biophysical studies of the mechanisms of chemical stress and 
their reversal have shown that membrane-associated. functions such as 
permeability, oxidative phosphorylation, and energy dependent transport are 
affected by sanitisers such as detergents. Cationic detergents of the quanternary 
ammonium class are thought to act on the cytoplasmic membrane by dissociating 
conjugated proteins and the lipid-protein complexes thus altering permeability 
45 

characteristics and resulting in leakage of low molecular weight components from 
the cytoplasm. Injury may occur when bacteria are exposed to quaternary 
ammonium compounds at concentrations much lower than those recommended 
for sanitising treatments. Increased sensitivity of E. coli to deoxycholate provides 
further evidence that membrane damage occurs upon treatment with quanternary 
ammonium compounds. Anionic detergents such as lauryl sulfate are generally 
less toxic to bacteria, although their target is also the cytoplasmic membrane. 
This may be due to the fact that the active ion is negatively charged and may be 
repelled by the negatively charged cell surface. 
Solvents such as ethanol, butanol, and toluene also cause leakage of cellular 
constituents. Cytoplasmic leakage induced by chemicals is often initially rapid, 
followed, after some hours, by a further release of material. This may be due to a 
breakdown of high molecular weight compounds or ribosomal bound compounds 
or to further time-dependent damage to the permeability barrier (Hugo and 
Bloomfield, 1971). 
When attempting to locate a general target for cellular injury, it becomes evident 
that membrane damage leading to a loss of internal solutes and an increased 
sensitivity to toxicants plays a central role. 
1.7.3 Monitoring resuscitation of sublethally stressed bacteria 
Most cellular modifications identified and correlated to cellular injury have been 
measured coincidentally with the observed injury. Added research is needed to 
clearly establish the cause and effect relationship. Regardless of the lack of 
absolute identification of the specific modification(s) that do regulate expression 
of injury, it is evident that the injured cell has undergone numerous changes that 
might be interrelated and the cell requires special treatment to return it to its 
normal state. Repair or resuscitation have been used extensively to study and 
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identify specific cellular components that have been adversely affected by the 
stress. 
The traditional approaches that have been adopted for monitoring the resuscitation 
and growth of sublethally injured cells has involved nutrient and media 
investigations. 
Biosensors offer the potential to provide a tool for investigating bacterial cell 
recovery from short-term metabolic poisoning. The use of real time monitoring 
procedures, such as those developed for mediated amperometric biosensors, 
should make such investigations possible. 
1.8 Conclusions 
• 	 There are a great number of microbial and biochemical bioassays currently 
available for the toxicity assessment of chemicals in a lab-based or an 
environmental situation. 
• 	 Bacteria appear to be ideal tools for rapid, sensitive toxicological screening 
tests since they respond relatively quickly to changes in their environment, they 
are stable and easily maintained at low cost, and relatively large numbers of 
cells can be exposed to the toxicant under study. 
• 	 It is important to use test organisms that are representative of the environment 
in which the test is applied. Whole cell biosensor technology employing 
mediated amperometry has the potential to be developed as a diagnostic tool 
incorporating environmentally valid bacteria on the biosensor, whether in a 
single or mixed-species configuration. 
• 	 Mediated amperometryalso has the potential to investigate cell recovery from 
short-term toxic shock, exploiting the real time monitoring capabHities of a 
biosensor system. 
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2 MATERIALS AND METHODS 
2.1 Chemicals 
2.1.1 Toxicants, mediators and general growth media 
Potassium ferricyanide, p-benzoquinone and all substrates, with the exception of 
saline tablets (Oxoid), were AnalaR grade (BDH). Chemicals were dissolved in 
R.O. water unless stated otherwise. 
All toxicants were supplied by Zeneca group companies with the exception of 3,5­
dichlorophenol (3,5-DCP) (BDH). Polyhexanide and the Proxel paste formulation 
are biocides whilst Synprolam 35DMBQC (50) is a surfactant formulation. All 
toxicants were made up as stock solutions in R.O. water, 24 h prior to testing. 
Effluents were obtained from a herbicide production plant in the North of England 
and were tested at the Brixham environmental laboratory (Zeneca limited.), 
Devon. 
Nutrient agar and nutrient broth (no.2) were supplied by Lab M. 
Prior to testing, effluents were adjusted to a pH of 7.0 ± 0.5. The effluents were 
tested as soon as was possible in order to avoid the possibility of any temporal 
changes in their toxicity. 
2.2 Organisms and culture conditions 
2.2.1 Biocatalysts 
Escherichia coli (NCIMB 8277), Bacillus subtilis (NCIMB 3610) and 
Pseudomonas putida (NCIMB 9494) were obtained as freeze dried cultures from 
The National Collections of Industrial and Marine Bacteria Ltd, Torry Research 
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Station, PO Box 31, Aberdeen. Bioseed®, a blend of microbial strains, designed 
primarily for BOD5 testing, was supplied in capsule form by InterBio (UK) Ltd, 
Galvin Rd., Slough. Freeze dried cultures were resuspended in 0.5 ml nutrient 
broth, from which a loopful was streaked onto 3 nutrient agar slopes in Universal 
bottles labelled Red, Yellow and Green, and incubated for 24 h on an orbital 
incubator (New Brunswick Scientific Co. Inc., New Jersey) at 150 rpm at the 
appropriate temperature for optimum growth (30 or 37°C). The Red and Yellow 
slopes were used as the stock line and working cultures were prepared weekly. 
The yellow slope was subcultured every month onto three nutrient agar slopes, 
labelled Red, Yellow and Green, thus completing the cycle. The slopes were 
stored at 4°C. The Red slopes from each of the subcultures were archived for 
future reference. 
Cultures were grown under conditions described in the test protocols. Bioseed® 
was prepared according to the manufacturers instructions which involved 
incubating a Bioseed® capsule in nutrient broth for 6 hat 30°C. 
Activated sludge was obtained from the return solids channel at three sites: 
• 	 Buckland Sewage Treatment Works, Newton Abbot, which treats a sewage of 
significantly domestic origin (approx. 80% domestic, 20% industrial). 
• 	 East Hyde sewage works, Bedfordshire (approx. 65% domestic, 35% 
industrial) 
• 	 Bishops Stortford sewage works, Essex (approx. 75% domestic, 25% 
industrial). 
The sludge was allowed to settle to approximately half its volume. The 
supernatant was decanted and replaced with an equal volume of tapwater and 
mixed thoroughly. This process was repeated 3 times to ensure thorough washing 
of the sludge. The final supernatant was decanted and the remaining washed 
activated sludge was fed with 50 ml OECD synthetic sewage feedllitre of sludge 
and aerated overnight at 20 PC. The pH value of the sludge was then adjusted to 
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7 ±0.5 and bicarbonate was added if necessary to maintain buffering capacity. 
Finally, the concentration of the mixed liquor suspended solids (MLSS) was 
determined (ppm), enabling adjustment depending upon the test undertaken. 
2.2.2 Harvesting the cells for biosensor construction 
Organisms were subcultured from working slopes of nutrient agar kept at 4°C. 
Batch cultures of the organisms were transferred to an orbital incubator at 150 rpm 
and either 30 or 37 DC. Cells were harvested between 6 and 18 h after inoculation, 
depending upon the test, and the O.D.430nm was measured, in 1 cm plastic cells on 
a Philips spectrophotometer, and set to between 1.5 and 1.6 for 1 ml of culture by 
dilution of the batch culture with sterile nutrient broth. Aliquots (1 rnI) of diluted 
culture were centrifuged at 10,000 g for 2 min, using an Eppendorf microfuge, and 
the supernatant discarded. The cell pellet was then resuspended in 1 ml sterile 
0.85% saline, recentrifuged at 10,000 g for 2 min and the supernatant again 
discarded. This washing procedure was repeated. Finally, the washed cell pellet 
was resuspended in 100 J.LI sterile 0.85% saline and this cell suspension was used 
within 30 min. 
2.2.3 Preservation ofbiosensor biocatalysts 
Cell suspensions were harvested and washed as described in section 2.2.2. After 
the final wash, cells were concentrated by combining 4 pellets (from 4 centrifuged 
1 rnl cell suspensions), and re-suspended in an aliquot (1 ml) of the 
cryopreservative, sterile 5% meso-inositol in nutrient broth. The suspensions were 
then allowed to sit at room temperature for 30 min after which they were 
transferred to freeze-drying vials and control cooled from 20°C down to -60 DC, 
at a rate of 1 DC min-I, then from -60 DC to -120 DC, at a rate of 20 °C min-I. The 
vials were then dried overnight under a vacuum at -40 °C. The vials were sealed 
under the vaccuum and stored at 4 °C in the fridge until required. 
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When required, the vials were carefully opened allowing air to enter them slowly 
and an aliquot of substrate solution (0.85% salinity) was used to resuspend the 
freeze-dried cells. 
2.3 Microbial toxicity assays 
2.3.1 Growth measurement 
2.3.1.1 o.D. methods 
2.3.1.1 (i) Microplate trays method 
Concentrations of toxicants used ranged from 0 ppm (seeded control) to 50 ppm. 
Bacteria were grown in 25 ml of nutrient broth at 30 or 37°C on an orbital shaker 
at 150 rpm for either 6 or 18 h. Two methods of preparation of inocula were used. 
a) After 6 h incubation, the cultures were diluted using nutrient broth as a diluent 
to give an O.D. 430-620 of 0.200 ±0.05 and used as the test inocula. Aliquots (150 
JlI) of each of the test inocula were added into each of 96 wells in a microplate 
(Greiner), into which samples (150 JlI) of varying concentrations of toxicant had 
already been dispensed. The resultant solutions were mixed for 2 min on a 
Titertek shaker at 150 rpm and the O.D. were read on a CLS Microplate reader, 
using sterile medium as a blank. 
b) Alternatively, the test inoculum was obtained by aseptically inoculating 25 ml 
of a magnetically stirred solution of sterile nutrient broth with 400 J.lI of an 18 h 
culture grown on an orbital shaker as described. This inoculum was used in the 
same manner as described above. 
The microplates were incubated at 30°C (R. subtilis and Ps. putida) or 37°C 
(E. COil), with and without shaking at 150 rpm on a Titertek microplate shaker for 
6 h, after which time the O.D. was again measured. 
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The effect of toxicant on growth was assessed using the following formula: 
Absorbance of test well after incubation 
x 100 = Percentage of control 
Absorbance of seeded control after incubation 
The experiment was conducted on several different occasions, with at least three 
replicates, in order to assess reproducibility. 
2.3.1.1 (ii) Modification ofthe cell multiplication inhibition assay 
The toxicity of chemical substances to a pure culture of P. putida, over a 6 h 
period, was assessed using a modification of the method described by Bringmann 
and Kuhn (1980). 
A loopful of stock culture of P. putida was inoculated into 50 ml of minimal 
growth medium (Bringmann and Kuhn, 1980) in a 250 ml conical flask and 
incubated at 25°C for 18 to 20 h on an orbital shaker at 150 rpm. After 
incubation the inoculum was prepared by the addition of sterile growth medium at 
25°C to an O.D. of 0.860Onm ±0.05, in 4 cm quartz cells, on a Uvikon 930 
spectrophotometer. 
A range of duplicate flasks was prepared containing 4 ml of sterile growth 
medium, 1 ml of inoculum and R.O. water to give a final volume of 50 ml. 
Three further flasks containing a reference toxic substance, 18 mg }"1 3,5-DCP, 
and three control flasks, without test chemicals, were also set up. In addition, a 
series of single flasks which contained no inoculum was included as chemical 
controls and used to compensate for any background colour or turbidity. 
The flasks were incubated at 25°C on an orbital shaker at 150 rpm for 6 h after 
which time the O.D.600nm of each flask was measured in 4 cm quartz cells on a 
Uvikon 930 spectrophotometer, using 8% growth medium solution as a reference. 
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Where the test and control samples were replicated, the mean of the O.D. values 
obtained was calculated. For each control and test concentration, the 
corresponding chemical control O.D. value was then subtracted. 
The degree of inhibition of growth compared with that of the controls was 
calculated using the following equation: 
% inhibition = ( 1-( ~OD T - Cc ) x 100 ) 
nOD CT- Cc 
Test = T 
Test control = CT 
Chemical control = Cc 
2.3.1.2 Agar-plate methods 
2.3.1.2(i) Direct agar diffusion assay 
The method was essentially that described by Liu et al. (1989). 
Specific toxicants were dissolved in 100% methanol diluted to 2% under test 
conditions, or DMSO:glycerol (4:1 by weight) (as used by Liu et al., 1989). 
E. coli, Ps. putida and B. subtilis were used as the test bacteria. An 18 h culture of 
the test bacteria is adjusted with fresh nutrient broth to an O.D. of 0.50430 _ 620nm 
±O.OS. An aliquot of the cell suspension was evenly spread onto the surface of a 
pre-dried agar plate and after 10 min at room temperature, or when the liquid was 
completely absorbed, the seeded plates were ready for use. 
Toxicants were applied to the agar plates both by spotting onto the surface (10 Ill), 
as described by Liu et al. (1989), and into wells bored into the agar using a no. 1 
cork borer of diameter 4 mm (50 Ill). A number of different concentrations of 
toxicants (up to 4) and one control could be accommodated on each plate. The 
plates were incubated at 30 °C (B. subtilis, Ps. putida) and 37 °C (E. coli) for 4 h 
and the zones of inhibition were noted. 
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2.3.1.2(ii) Agar plate dilution method 
The method was that described by Washington and Sutter (1980). 
Stock solutions of test chemicals were prepared to allow a 10 fold dilution in the 
agar plates. An aliquot (2 ml) of working test chemical solutions was added to 
18 ml nutrient agar pour tubes in a water bath that had been held at a suitable 
temperature to keep the agar in a molten state (45 to 50°C). The contents of the 
tubes were mixed by repeated inversion and then poured into 100 mm diameter 
plastic petri dishes. The plates were allowed to dry before inoculation with the 
test bacteria. Control plates containing no test chemicals were included. 
An 18 h nutrient broth culture was diluted with sterile nutrient broth, to contain 
105 to 106 organisms ml-l . 
The agar plates were divided into four segments and each segment was spot 
inoculated (llll) with the test cultures (Figure 2.1). 
Culture spot inoculated 	 Agar plate, containing toxicant, 
divided into 4 sections 
o 
Figure 2.1. Plan view of an agar plate showing location of culture spot inoculation. 
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The plates were then incubated at the appropriate temperature for optimum growth 
of the test species until colony growth was well developed on the control plates. 
The endpoint (Minimum Inhibitory Concentration, MIC) was determined as the 
lowest concentration that completely inhibits growth. A barely visible haze of 
growth or a single colony was disregarded. If several colonies were found in more 
than one dilution beyond the obvious endpoint, the purity of the strain was 
checked and the test repeated. 
2.3.2 Inhibition of respiration of activated sludge 
The respiration rate of activated sludge is used as a parameter to assess either the 
ability of the sludge to metabolise the compound or its susceptibility to inhibition. 
The effects of the test compound on both endogenous and maximum oxygen 
uptake rates are measured using an oxygen electrode in an enclosed cell. 
2.3.2.1 Brixham Environmental Laboratory method 
The test apparatus consisted of a cylindrical, perspex, respirometric cell of 250 ml 
capacity with three ports; one for the injection of substrate, when necessary, and 
one each for oxygen and pH electrodes. The activated sludge was magnetically 
stirred at 20°C. 
Dissolved oxygen within the cell was measured by means of an oxygen electrode 
connected to an oxygen meter. Readings were directly recorded on a 
potentiometric recorder with the chart speed set at 1 cm min- l . The oxygen meter 
was calibrated using oxygen saturated water and then zeroed in 5% sodium 
SUlphite. 
The activated sludge was diluted with tap water to give the desired concentration 
of 2000 ppm MLSS in a 250 ml volume, using the following equation: 
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250 x 2000 ml Vol. of sludge required / 250ml = 
Yppm 
Y = measured MLSS concentration 
After mixing, the contents were immediately poured into the respirometer cell, the 
pH was measured and recorded and the change in dissolved oxygen was charted 
over a period of 4 to 6 min in order to obtain the endogenous respiration rate. 
When a steady trace was obtained, 2 ml of OECD synthetic sewage concentrate 
was injected into the cell to stimulate maximum oxygen uptake rate by the sludge. 
The fall in dissolved oxygen was recorded for a further 4 to 6 min. When a 
satisfactory trace was obtained the activated sludge was discarded and the cell 
rinsed thoroughly with tap water. To measure the effects of toxicants, an aliquot 
of the toxicant stock solution, pH adjusted with NaOH or HCL (2M) to 7.5 ±0.5, 
was added and the volume made up to 250 ml with activated sludge and tap water. 
The mean control respiration rate was calculated and the test chemical respiration 
rates were expressed as a percentage of this. If the difference between the controls 
was found to be greater than ± 15% of their mean then the experiment was deemed 
to be invalid and was repeated. 
2.3.2.2 Modification o/the ETAD ecological method 
The method measures the respiration rate of an activated sludge fed with an 
excess, but standard amount, of OECD synthetic sewage and compares this with 
the respiration rate of the same activated sludge in the presence of the chemical 
over an extended period of 3 h. 
Stock concentrations of test chemicals, pH adjusted using NaOH or HCL (2M) to 
7.5 ±0.5, were prepared. At time zero, the first control was prepared in a 500 ml 
measuring cylinder by adding 16 m1 of synthetic sewage and making up to 100 ml 
with tap water. A volume of activated sludge was then added equivalent to 1600 
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mg 1-1 MLSS. The pH was examined and adjusted, if necessary, to 7.5 ±0.5, and 
the volume made up to 500 ml with tap water. The mixture was then poured into 
a conical flask, magnetically stirred and aerated. 
After 15 min this procedure was repeated, with a volume of test chemical added to 
give the desired final concentration before the volume was made up to 500 ml. 
The flasks were set up for each test in duplicate (for each test chemical), at 15 min 
intervals, before finally setting up the second control. After 3 h the contents of the 
first control were poured into the respirometric cell and the decrease in oxygen 
concentration was measured over a period of up to 10 min to ensure a reasonable 
trace was obtained. The test solutions were measured in turn so that each 
respiration rate was determined 3 h after the addition of the MLSS. 
As in the Brixham method, the mean control respiration rate was calculated and 
the test chemical respiration rates were expressed as a percentage of this. If the 
difference between the controls was found to be greater than ±15% of their mean 
then the experiment was deemed to be invalid and was repeated. 
2.3.3 Inhibition of the nitrifying ability ofactivated sludge 
The test method is based on the standard DoE (Standing Committee of Analysts, 
SCA) procedure which assesses the inhibitory effects of test substances on 
nitrifying bacteria in activated sludge. 
Equal volumes of washed nitrifying sludge were added to a series of 250 ml 
conical flasks such that the final concentration of MLSS was approximately 
1500 mg 1-1. An aliquot (10 ml) of medium was added to each flask together with 
the required volume of test solution and deionised water to make the final volume 
up to 100 mL Two control flasks were prepared, one with sludge, medium and 
deionised water but no test substance (seeded control), and one with sludge, 
medium, deionised water and 1 ml of allylthiourea (11.6 mg 1-1), a reference 
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inhibitor solution (inhibited control). The initial pH value of the flasks' contents 
was recorded. A 25 ml sample from each of the controls was centrifuged at 
10,000 rpm for 5 min, and the initial concentrations of ammoniacal nitrogen and 
oxidised nitrogen in the supernatant were analysed using an ion chromatograph. 
The flasks were incubated at 20 °e, at a constant shaking speed of 150 rpm for 4 h 
after which time the pH of the contents of each of the flasks was recorded. A 
25 ml volume was taken from each flask and centrifuged at 10,000 rpm for 5 min 
and the concentration of oxidised nitrogen and ammoniacal nitrogen was analysed 
in the supernatant. The results were expressed in the form of percentage 
inhibition of the concentration of oxidised nitrogen due to the effect of the test 
chemical. The nitrifying ability of the sludge was checked by a comparison of the 
seeded control and the inhibited control. 
Valid tests were obtained when the seeded control formed at least 10 mg of 
oxidised nitrogen 1"1, in order to get a measurable range of inhibition, and at least 5 
mg of ammoniacal nitrogen 1-1 were left, thus showing that it was not limiting. 
2.3-4 Microtox® assay 
A suspension of luminescent bacteria was prepared by reconstituting a vial of 
freeze dried P. phosphoreum cells, supplied by Microbics, with 1 ml of HPLC 
grade water at 4 °e. The hydrated cells were allowed to equilibrate at 4 °e for 
2 to 3 min prior to use. An aliquot (110 Ill) of the cell suspension was then mixed 
with 5.39 ml of diluent (2% NaCl) in a pre-cooled vial and 0.5 ml of this solution 
was dispensed into each vial of rows B and C on the Beckman Microtox 
Analyzer®. Light output from the bacteria was measured using a photomultiplier 
tube (PMT) within a rotary shutter turret on the Microtox Analyzer®. When a vial 
was placed within the turret and the turret rotated, the PMT was exposed to the 
cuvette and ambient light was blocked. 
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Test chemicals were made up in 2% saline and the pH was adjusted to between 
6.S and 7.S using 2M NaOH. Dilutions, covering a wide range of concentrations, 
were made up in row A on the Microtox Analyzer®. Vials in rows B and C were 
exposed at 20 s intervals to the test chemicals, placed in the turret, and their light 
output was measured by the PMT and subsequently recorded using a Tandon 
PCA20 microcomputer, fitted with a DI-AN DMSS41 board housing DMS230, 
233 and 234 modules (DI-AN Micro systems Ltd., Stockport, Cheshire). Five 
min after adding the test chemical to B 1, the vial was replaced into the turret and 
the light output was measured. The remaining vials (C1, B2, C2 etc.) were read at 
20 s intervals and measurements were repeated IS min after the addition of the 
test chemical to B 1. Results were expressed in the form ofECso values. 
2.4 Whole bacterial cell biosensor assays 
2.4.1 Electrochemical cell 
2.4.1.1 Electrode component 
Two types of carbon graphite working electrodes were used; pencil-type 
electrodes produced in-house, and flat screen printed carbon electrodes on 
polycarbonate substrates (developed with Danielson Ltd., Aylesbury) with a 
working electrode surface area of S mm in diameter. The carbon surface of the 
pencil-type working electrodes was flattened and smoothed by rubbing on clean 
paper, and the resistance of the electrodes was measured and recorded using a 
digital multimeter. The electrodes which exhibited the lowest resistance and 
differed by no more than 2 ohms were used in subsequent studies. 
Ag/ AgCI reference electrodes were used which comprised of a 6 cm length of 
silver rod cleaned and polished using silicon carbide (P800A) abrasive paper and 
cream cleanser and rinsed in water. The silver was chloridised by connecting to a 
Ministat Precision Potentiostat, placing in a solution of 1M KCI together with a 
S9 

ji1 
silver foil auxiliary and a Calomel reference electrode and applying a pOIse 
potential of 550 m V for 20 s. 
2.4.1.2 Immobilisation o/biocatalyst 
Up to 15 electrodes were loaded from the same batch of cell suspension prepared 
as described in section 2.2.2. Anopore filters (pore size 0.2 Ilm, diameter 5 mm) 
were transferred onto a filter paper (Whatman no. 1) and moistened with 0.85% 
saline. An aliquot (from 10 to 20 Ill) of the cell suspension was then loaded onto 
an Anopore filter and the fluid was allowed to diffuse through the filter. If 
seepage of the suspension occurred over the edge of any filter then the filter was 
discarded. From zero to three extra filters were placed over the loaded filter. 
The loaded filter(s) was placed onto the electrode surface and secured in one of 
two ways: 
i. When a pencil-type electrode was used, the filter(s) was placed on the working 
surface of the electrode either with the bacteria facing towards the bulk solution, if 
held within a filter sandwich, or towards the electrode surface if a single filter was 
used. The filter(s) was secured by using a fme nylon mesh held in place by a 
silicone O-ring electrode (Figure 2.2). 
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To interface 
Perspex 

body of 

electrode --+"" 

Graphite working 
surface 
Filter(s) 
Nylon, _~e:;r
mesh-
Figure 2.2. Construction of a cell loaded pencil-type carbon graphite electrode. Bacteria are 
loaded onto filter(s) and placed on the working surface tip of the electrode. A nylon 
mesh is drawn over the filteribacteria assemblage which is then held in place by means of 
an 'O'-ring. 
11. When screen-printed electrodes were used, if two or more filters were 
employed, the filter(s) were laid with the bacteria loaded side facing the bulk 
solution creating an asymmetric filter array with the majority towards the bulk 
solution. If a single filter was used, the bacteria loaded side was placed facing 
towards the electrode. The filter(s) was then secured using an "O"-ring shaped 
piece of micro pore tape (3M) (Figure 2.3). 
Both types of loaded electrodes were placed in 0.85% saline solution until a batch 
of 15 was ready to use. The electrodes were not allowed to remain in the saline 
solution for more than 15 min since bacterial activity was found to be affected. 
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electrode 
1. Bacteria loaded 2. Micropore tape 
onto filter(s)_ used to secure 
f1lter(s)D
Working surface 
Figure 2.3. Diagram illustrating the construction of a cell loaded screen-printed electrode. 
Bacteria are loaded onto filter(s) and placed onto the working surface of the electrode. 
Micropore tape is then used to secure the filterlbacteria assemblage. 
2.4.2 Preparation of respiratory substrates for biosensor investigations 
A fresh stock solution of 0.85% saline was used to prepare a substrate cocktail 
(containing equal concentrations of D-glucose, sodium succinate and sodium 
lactate) whose final concentration in the assay vial ranged from 5 to 20 mM. 
2.4.3 Protocols 
Protocol A. Monitoring ofrespiratory activity 
Up to 15 sample vials (length 50 mm, diameter 25 mm) were placed into the 
custom built case which lay on top of a magnetic stirrer bed. From 9.9 to 14.9 m1 
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of the respiratory substrates (see section 2.4.2) were placed into each vial along 
with a glass magnetic stirrer (length 8 mm) and stirred from a constant speed of 
between 300 to 700 rpm. Each pair of electrodes (the working electrode loaded 
with the biocatalyst, and the separate Ag/ AgCI reference electrode) was set into 
the vial lids and inserted into the sample vials containing the substrate solution. A 
lead from each of the working and reference electrodes was connected to the 
biosensor interface and the response was monitored every 4 s (see Figure 2.4). 
Up to 15 cell-loaded working electrodes and corresponding Ag/AgCI reference 
electrodes were placed into vials in a custom built case, and connected to an 
interface providing a constant voltage of +550 mV to the reference electrodes. 
Within this specifically designed, and built, biosensor interface, a 16 channel 
potentiostat was constructed such that the first channel (channel 0) was used to 
follow the reference electrode potential. The remaining channels were used to 
maintain the potential between 15 pairs of working reference electrodes. 
Operational amplifiers, within the interface, maintained this potential across the 
reference and working electrodes. All channels were interfaced to a 16 channel, 
16 bit integrated analogue-digital converter (ADC), located in the back plane of an 
80386 personal computer (Epson AX3) running DOS 5, via current-to-voltage 
converters which sent output signals to non-inverting followers, the outputs of 
which were connected to a terminal block ('Strawberry Tree' ACPC-16-16), 
located within the interface. The currents produced by the immobilised cells on 
the working electrodes were stored on floppy disks as ASCII files. Labtech 
Notebook (Laboratory Technology Corporation) was the integrated software 
package which provided the interface between the operator and biosensor 
instrumentation, and data were displayed as current against time plots. Within the 
software package there is one channel devoted to time, another to monitoring the 
input from the internal precision reference and the remaining channels are 
concerned with input from the working electrodes. The voltage produced by the 
reference electrode was monitored for any deviation from the desired value of 
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+550 mv, which could have an effect on the stability of the current produced by 
the biosensors. 
Following a stabilisation period of between 5 to 10 min, a fixed volume (100 J.!l) 
of varying stock concentrations of potassium ferricyanide or p-benzoquinone, or 
mixtures of both, were added to the substrate cocktail via injection through the 
sample port in each vial lid to give final concentrations of between 0.1 to 20 mM. 
The response of the electrodes in the substrate and mediator mixture was 
monitored for at least 5 min in order to achieve a steady trace. 
port (for addition) 
Lid ___ 
Ag/ AgCI reference 
Graphite (screen printed) 
electrode 
Substrate and mediator 
Working electrode 

on which bacteria 

are immobilised 

Stir bar --~.;;:;.;;.~..,;:.=.=..=.::.;;,.~..~..;,;.;.';J. 
Figure 2.4. Biosensor sample analysis apparatus featuring a cell loaded screen-printed electrode 
immersed, alongside a Ag/ Agel reference electrode, in a constantly stirred substrate and 
mediator solution. 
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Protocol B. Toxicity testing 
Toxicants were added, as a fixed volume of a concentrated, stock solution, by 
injection through the sample port. For effluent studies, the effluent was first 
prepared by adding a suitable volume of mediator to be of the same concentration 
as in the vial prior to effluent addition. Effluent was then added to the vial as a 
percentage of the total volume. This procedure could be carried out for up to 50% 
effluent addition. For higher concentrations, vials were prepared with substrates, 
effluent and mediator to the appropriate concentrations and sensors which had 
previously been bathing in just substrates and mediator were added to the test 
vials. The resultant currents were monitored for at least 25 min. 
F or controls, the same volume of a substrate and mediator mixture was added to 
the vial. Analysis of results was performed by determining either the inhibition of 
the magnitude of biosensor signal, the rate of decline of biosensor signal, or a 
combination of both. 
Protocol C. Recovery from short-term toxic stress 
One cycle of recovery was investigated by physically removing the biosensor 
which had been subjected to toxicant from its vial, and placing it into a vial in 
which respiratory substrates and mediator were present, but toxicants were not. 
This cycle was repeated up to 7 times. The duration of contact of the biosensor 
with the toxicant before removal ranged from 5 to 25 min. 
2.5 Statistical assessment of toxicity 
Where ECso values were required, ECso data with 95% confidence limits were 
generated using the Brixham Environmental Laboratory ECso program (Stephan, 
1977). This program calculated ECso data with lower and upper 95% confidence 
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limits by either Probit analysis, moving averages or sum of least squares method. 
Prior to detemlining whether data were significantly different or whether data 
correlated, the nomality of the data were checked using the Brixham 
Environmental Laboratory Statistical package following the Shapiro-Wilk test 
(Shapiro and Wilk, 1965). Significance was determined using the Students T -test 
procedure (two sample assuming unequal variance) (Hayslett and Murphy, 1976). 
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3 A COMPARATIVE STUDY OF VARIOUS MICROBIAL 
TOXICITY TESTS USING BOTH PURE AND COMPLEX 
TOXICANTS 
3.1 Introduction 
The need for screening of chemicals and chemical effluents has led to the 
development of a wide range of toxicity assays with an increasing number 
employing bacteria as the test species. It is generally thought that bacteria. have a 
definite role to play in the assessment of chemical toxicity. They are ubiquitous in 
nature, their normal activities are crucial in maintaining the health of ecosystems, 
and their small size and high metabolic rate make them ideal as test organisms in 
bioassays. 
However, there are specific problems associated with established bioassay test 
protocols which employ either bacteria or higher organisms such as Daphnia 
magna and Oyster larvae. These include; the choice of organism(s); the intended 
role of the test; and the validity of the results obtained from the tests. 
The majority of the bacterial bioassays developed are based on the principle that 
many substances toxic to bacteria are also toxic to higher organisms and man. 
Bacteria are therefore used as surrogates, with their main advantage of use being 
the fact that they grow and replicate rapidly. This makes them suitable for short­
term tests which are able to give results within the working day. 
A toxicant which adversely affects natural bacterial populations could potentially 
upset the local ecosystem. However, the use of ecologically important bacteria 
that are representative of a particular environment of interest and could be used as 
a predictive tool to protect that environment, has not been widely adopted. In the 
natural environment bacteria exist in complex consortia rather than as discrete 
species. Therefore a multi-species approach, deriving bacteria from environments 
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which are deemed to warrant protection, would seem the most suitable way to 
obtain environmentally significant and valid data. A good example of this is the 
activated sludge respiration inhibition test, which provides environmentally valid 
toxicity data specific to the activated sludge process from which the sludge is 
obtained. 
The choice of whether to use single bacterial species' as the basis for a microbial 
toxicity assay or to opt for the multi-species approach depends on a number of 
factors: 
• 	 Single species testing has the advantage of being generally less complicated to 
conduct than multi-species testing, mainly as the species used will have well­
known culture conditions. Also, as only one species (in anyone assay) is 
involved, the results are easier to interpret since interspecies, mutally beneficial 
ecological interactions will not exist and factors such as bioavailability may 
play less of a part. Tests which employ pure cultures may also be considerably 
more sensitive than multi-species tests as these mutually beneficial interactions 
are not present. If an application requires a high and reproducible sensitivity, 
such as the drinking-water industry, and is not too concerned about 
environmental relevance, then the use of pure cultures may be the best 
approach. 
• 	 If mixtures of microbial populations are used, the problems of deciding what 
the sources of the populations will be, and how to provide them with optimum 
culture conditions must be taken into consideration. Although obviously 
difficult to provide for all the members of the consortia, it is the interspecies 
interactions which makes the multi-species tests more comparable to the 
conditions in the natural environment and may thus give information which is 
valid and thus of importance for the environment under study. Also, if the 
mixed population is normally associated with an adsorbing matrix, such as that 
associated with activated sludge, that should also be reproduced in the test in 
order to emulate similar levels ofbioavailability oftest sample. 
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This study employed four toxicants to examine a number of effects. 
Investigations involved: 
• 	 Determination of the toxicity of the test chemicals throughout the suite of tests. 
• 	 An assessment on what affects the use of single or multi-species consortia had 
on the outcome of a toxicity test. 
• 	 An assessment on what affect the mode of interrogation had on the results 
• 	 Determination of a more sensitive single species 
• 	 An assessment on whether a companson between tests which employed 
different species, single and mixed, and monitored the health of bacteria in 
different ways, could indeed be compared. 
The single species test organisms used were E. coli, Ps. putida and B. subtilis, and 
the mixed microbial popUlations used were Bioseed® and activated sludge. The 
cultures were chosen either because they represent the test organisms in an 
existing microbial toxicological assays, such as B. subtilis, Ps. putida and 
activated sludge, or they represent model or commercially available microbial 
systems, such as E. coli and Bioseed®. In the pure culture assays, all three pure 
cultures were initially tested to gain information on their suitability to the test and 
to highlight variations in sensitivity to toxicants. Bioseed®, a propriety blend of 
bacterial species, was used in the agar plate diffusion assay alongside the three 
pure cultures in order to gain further information on the variations that may exist 
in sensitivity to toxicants between pure and mixed cultures. 
Four toxicants were used throughout; 3,5-DCP, the OECD reference toxicant; and 
three Zeneca group chemical formulations; Synprolan, Polyhexanide, and Proxel 
paste. 
The toxicant 3,5-DCP was chosen as a reference toxicant since its mode of action 
(membrane damage) will be similar for all species used in the test. Its toxicity 
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should therefore not differ considerably between tests (King and Dutka, 1987). 
The three complex formulations were chosen because it was felt that, due to them 
being composed of a nwnber of chemicals, modes of action of toxicity to 
microbial bioassays may vary, depending upon the organisms used and the 
conditions under which those organisms are tested. 
Tests were conducted to show comparisons between different microbial toxicity 
assays and the assays investigated were chosen for a number of reasons: 
• 	 To use a range of different bacterial species and consortia allowing 
comparisons to be made on the basis of both single species sensitivity and 
single versus mixed species sensitivity. Sensitivity was assessed using ECso 
values, detennined using the Brixham Environmental Laboratory ECso 
program (Stephan, 1977). 
• 	 To assess the effects of toxicants on bacterial growth, which is the result of 
numerous biological functions, compared with the effects on specific 
metabolic processes such as respiration, nitrification and bioluminescence. 
In addition, the toxicants were chosen to investigate the problems associated with 
testing chemical fonnulations of relatively unknown characteristics, compared 
with pure toxicants which have well known physico-chemical properties. For 
example, the fonnulations may have limited solubility or display various degrees 
adhesion to test vessels. 
3.2 Growth inhibition studies 
3.2.1 Effect of toxicants on cell growth determined by O.D. measurement 
3.2.1.1 Growth assay conducted in microplate trays 
Methods of preparing a diluted bacterial culture for inoculation into the microplate 
wells were described (see section 2.3.1. 1 (i)). Method (a) used the 
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spectrophotometric technique of Bringmann and Kuhn (1980) to obtain an 
inoculum density suitable for the test. In method (b) the bacterial suspension was 
obtained by inoculating 25 ml of nutrient broth with 400 /-11 of an 18 h bacterial 
culture. The 400 /-11 inocula volume was determined previously by 
spectrophotometry and resulted in a suspension which gave an O.D.600 of 0.8 ± 
0.05, using nutrient broth as a blank. This was of a similar O.D. as that of the 
suspension prepared using method (a). Variations in O.D. seen in method (b), 
possibly due to slightly different numbers of bacteria used to inoculate the nutrient 
broth, were no different from those variations in O.D. which existed in method (a) 
which was spectrophotometrically adjusted for each assay. Since it was shown 
that it was not necessary to adjust for each test, method (b) was therefore a much 
less time consuming method. Also, since the nutrient broth into which the 
bacteria were inoculated was constantly stirred, an equal distribution of the 
bacteria into each of the microplate wells was assured. 
Therefore of the two methods of preparation of the test inocula described in 
section 2.3.1.1 (i), method (b) was the preferred method since it was less time 
consuming and ensured equal distribution of bacteria into the microplate wells. 
The plates were agitated during incubation since it was found that static plates 
gave poor reproducibility between the replicates when analysed 
spectrophotometrically, probably due to the bacteria visibly aggregating into 
clumps within the well and on the well walls. 
E. coli, Ps. putida and B. subtilis were used individually to assess the toxicity of 
the 4 chemicals over the concentration range of 0 to 100 mg }"1 for all the test 
chemicals, although greater than 56 mg 1-1 of all test chemicals (except 
Polyhexanide to Ps. putida) resulted in the total inhibition of growth, reflected in 
the near 100% inhibition of an increase in turbidity relative to the control (Figures 
3.1 and 3.2 and Table 3.1). 
B. subtilis was deemed not to be as suitable a test organism as E. coli or Ps. putida 
due to the fact that it grew as aggregates within the wells of the microplate, 
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irrespective of the rate or mode of agitation, resulting in misleading optical 
readings. A limited number of results were therefore obtained using B. subtilis. 
although those results that were obtained for 3,5-DCP correlated more closely to 
those obtained for E. coli than for Ps. putida (Table 3.1). 
The test was deemed to very easy to prepare due to the convenient addition of 
liquids to the microplate wells afforded by multipipettors. The trays needed to be 
covered using parafilm during incubation, however, since preliminary work 
resulted in loss of liquid due to evaporation. 
Figure 3.1 shows the effect the chosen toxicants have on the growth of Ps. putida. 
From the graph it can be seen that the inhibition is dose dependent and the 
reproducibility between replicates (n = 3) was good, with coefficients of variation 
no more than 18% (Proxel paste was consistently the least reproducible, followed 
by the more reproducible Synprolan, Polyhexanide and 3,5-DCP). 
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Figure 3.1. Effect of the test toxicants, 3,5-DCP, Synprolan, Polyhexanide and Proxel paste on the 
growth of Ps. putida in the wells of microplate trays, measured by using the microplate 
O.D. method. Data represent the mean from n ;: 3 replicates with the standard deviation. 
The toxicity of the test chemicals to Ps. putida were ranked as follows, from the 
most to the least toxic: ECso of Polyhexanide, S.S mg 1"1; 3,5-DCP, 11.5 mg I-I; 
Proxel paste, 11.8 mg tl; Synprolan, 22.S mg I-I. Although Po1yhexanide 
exhibited its toxicity at a low concentration, at 56 mg I-I it was not as inhibitory as 
any of the other test chemicals. This result highlights a problem associated with 
assessment of inhibition using EC50 • Inhibition due to Proxel paste and 3,S-DCP 
resulted in classic sigmoidal curves whilst inhibition due to Synprolan was more 
linear. 
Figure 3.2 shows the effect the chosen toxicants have on the growth of E. coli. As 
with Ps. putida, reproducibility between replicates (n = 3) was also good, with 
coefficients of variation no more than 16% (again, Proxel paste was consistently 
the least reproducible, followed by Polyhexanide, Synprolan, and 3,S-DCP). 
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Figure 3.2. Effect of the test toxicants, 3,5-DCP, Synprolan, Polyhexanide and Proxel paste on the 
growth of E. coli in the wells of microplate trays, measured by using the microplate 
O.D. method. Data represent the mean from n;; 3 replicates with the standard deviation. 
The toxicity of the test chemicals to E. coli were ranked as follows, from the most 
to the least toxic: ECso of Polyhexanide, 3.0 mg 1"1; Proxel paste, 7.8 mg }"1; 3,5­
DCP, 8.5 mg 1-1; Synprolan, 11.5 mg I-I. Again, as with Ps. putida Polyhexanide 
exhibited its toxicity at a low concentration although at 56 mg 1.1 it was just as 
inhibitory as the other test chemicals. Only inhibition due to Synprolan followed 
a sigmoidal curve, whereas the inhibitory effects of the other chemicals followed a 
hyperbolic relationship. This indicates that the chemicals are having a toxic effect 
on E. coli at lower concentrations than with Ps. putida due to differences in their 
sensitivities. 
It can be seen that for all toxicants, Ps. putida was the less sensitive test species, 
with mean ECso values ranging from 5.5 mg 1'1 for Polyhexanide to 22.5 mg 1.1 for 
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Synprolan. E. coli was almost twice as sensitive with ECso values ranging from 
3.0 mg tl for Polyhexanide to 1l.5 mg t' for Synprolan. 
For both bacterial species investigated, Polyhexanide was therefore found to be 
the most toxic chemical tested using this method and Synprolan was found to be 
the least toxic. The relative toxicities of Proxel paste compared with 3,5-DCP 
varied depending upon the bacterial species employed. 
3.2.1. 2 Growth assay conducted in batch culture 
The cell multiplication inhibition assay (developed by Bringmann and Kuhn, 
1980; modified by Slabbert, 1986) which measures the effect of toxicants on the 
growth of Ps. putida in 250 ml Erlenmeyer flasks has been investigated by a 
number of workers. It is now an ISO test and an internationally recognised 
standard when using Ps. putida as the test species. 
Initial range finding experiments were performed with E. coli, Ps. putida and B. 
subtilis and all test chemicals over the range 0-100 mg I-I. As in the growth 
assessment method using microplate trays, preliminary work conducted with 
B. subtilis resulted in irregular aggregation within the flask, which was relatively 
undisturbed by agitation. This gave poor reproducibility and spurious 
yspectrophotometer readings, and this species was therefore not used in this test. 
Concentrations over 25 mg 1-' resulted in 100% inhibition of growth, relative to 
the controls, for all the chemicals and both E. coli and Ps. putida. (Figures 3.3 and 
3.4, Table 3.1). 
Reproducibility throughout the test was very good with coefficients of variation of 
15%. Although this procedure was incubated for the same time period as that in 
the microplate trays method (section 3.2.1.1), and hence they were both 6 h tests, 
this method was far more laborious to set up and was obviously much more space 
consuming. Due to the increased preparation time and the space limitations, this 
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method was felt to be less suitable than the microplate trays method for a rapid 
screening test with a high throughput of samples. 
Figure 3.3 only shows data up to 25 mg tl since effects were seen at lower 
concentrations in this test. From Figure 3.3 it can be seen that, apart from 3,5­
DCP, the test chemicals exhibit their toxicity at very low concentrations. The 
toxicity of the test chemicals to Ps. putida were ranked as follows, from the most 
to the least toxic: ECso of Polyhexanide, 0.3 mg rl; Synprolan, 0.8 mg 1-1; Proxel 
paste, 1.3 mg I .1; 3,5-DCP, 10.0 mg I-I. 
Figure 3.4 shows that the toxicity of the test chemicals to E. coli followed a very 
similar pattern to that seen for Ps. Putida. The toxicity of the test chemicals to 
E. coli were ranked as follows, from the most to the least toxic: ECso of 
Polyhexanide, 0.3 mg }"1; Synprolan, 0.7 mg }"I; Proxel paste, 1.0 mg 1-1; 3,5-DCP, 
9.3 mg 1-1. 
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Figure 3.3. Effect of the test toxicants, 3,5-DCP, Synprolan, Polyhexanide and Proxel paste on the 
growth of Ps. putida in conical flasks, measured using the cell multiplication inhibition 
assay. Data represent the mean from n = 3 replicates with the standard deviation. 
The results indicate that 3,5-DCP was the least toxic chemical tested using this 
method, giving ECso values of 10.0 mg tl for Ps. putida (within the limits set by 
OECD) and 9.3 mg 1"1 for E. coli. Polyhexanide proved to be the most toxic 
giving ECso values of 0.3 mg }"I for both Ps. putida and for E. coli. Synprolan 
gave EC50 values of 0.8 mg r' for Ps. putida and 0.7 mg 1-1 for E. coli. Finally, 
Proxel paste gave ECso values of 1.3 mg r1 for Ps. putida and 1.0 mg r1 for E. coli. 
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Figure 3.4. Effect of the test toxicants, 3,5-DCP, Synprolan, Polyhexanide and Proxel paste on the 
growth of E. coli in y8Xconical flasks, measured using the cell multiplication inhibition 
assay. Data represent the mean from n = 3 replicates with the standard deviation. 
As in the microplate trays method (section 3.2.1.1), Ps. putida was found to be a 
less sensitive test species than E. coli. However, by following Slabberts 
modification of Bringmann and Kuhns method, the differences in sensitivity 
between the two species was greatly reduced compared to the differences seen in 
the microplate trays method, with EC50 values ranging from OJ mg r l for 
Polyhexanide to 10.0 mg I-I for 3,5-DCP for Ps. putida compared to ECso values 
of 0.3 mg }"1 for Polyhexanide to 9.3 mg 1"1 for 3,5-DCP for E.coli. 
For Ps. putida, 3,5-DCP gave similar ECso values to those achieved in the 
microplate trays method with no significant differences between the percentage 
inhibitions at each of the concentrations used. When using E. coli, although the 
ECso values obtained for 3,5-DCP were very similar between this method and the 
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microplate trays method, a significant difference existed between the percentage 
inhibition values obtained from 5.6 mg 1'1. 
The Zeneca formulations were shown to be considerably more toxic than seen in 
the microplate trays method, up to 2 orders of magnitude more toxic in the case of 
Synprolan. Also, the order of the toxicity of the chemicals to the bacteria varied 
to that obtained in 3.2.1.1. Although Polyhexanide was still shown to be the more 
toxic formulation, the next most toxic was Synprolan followed by Proxel paste 
and then 3,5-DCP. 
3.2.2 Effects of toxicants on bacterial lawn formation on agar plates 
3.2.2.1 Inhibitory effect o/toxicants added to pre-seeded agar plates: the direct 
agar dijfosion assay 
E. coli, Ps. putida and B. subtilis were used as the test species. Initial range 
finding experiments were conducted to determine a range of 0% toxicity (no 
restriction of growth) to 100% toxicity (no bacterial growth). In order to 
accurately define the level of toxicity, volumes increasing in concentration by 
5 mg 1"' were used until the concentration of 100 mg 1'1, the concentration which 
caused 100% inhibition of growth for all test species with all toxicants, was 
reached. 
The toxicants and controls (R.O. water) were dissolved in a number of solvents; 
100% methanol, diluted to 2% under test conditions, a DMSO:glyceroi solvent 
mixture (4:1 by weight) described by Liu et al. (1989), or R.O. water. The 
DMSO:glyceroi solvent mixture was used by Liu et al. as a carrier for both water­
soluble and water-insoluble toxicants. With this mixture, they showed that the 
DMSO was not toxic to B. subtilis at the concentrations used and its use resulted 
in the formation of regularly diametered zones of inhibition, if a toxicant was 
present. Also, a reduction in spreading over the agar surface when compared with 
R.O. water, was achieved. Methanol, when diluted to 2% under test conditions, 
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was deemed non-toxic to E coli and B. subtilis by Richardson (1992), and was 
thus used in this present study for a comparison with the DMSO:glycerol mixture. 
R.O. water was used as a comparison with the two organic solvent based methods. 
The test solutions prepared in methanol and in the DMSO:glycerol mixture, 
spread out over the agar surface more rapidly and in a more regular manner than 
those dissolved in R.O. water. DMSO:glycerol was eventually chosen for the 
toxicity assessments since its use resulted in more regularly diametered clear 
zones, thus enabling easier detection of inhibition. 
In plates which were covered with a lawn of E. coli, zones of inhibition were 
difficult to see since E coli grew relatively translucently. The denser growing 
B. subtiJis and Ps. putida proved to be much more satisfactory test species 
(although results were obtained for all three bacteria). 
The lowest concentration of a toxicant to cause inhibition of growth was 
determined by observing the presence of clear zones. Liu et ai. (1989) described a 
method to quantify the results by measuring the clear zones and relating these 
values to concentration of toxicant used. This method of assessment was initially 
investigated but the zones of inhibition obtained were not absolute and evoked a 
personal measuring system which is open to error. The test was therefore not 
deemed suitable as a quantitative assay but it was felt that the test had some value 
in determining the minimum effective toxicant concentrations and may therefore 
have a use as a lowest observed effect (LOEe) test. 
3,5-DCP was determined to be the most toxic chemical tested using this method, 
causing inhibition at 15 mg }"1 for Ps. putida, 5 mg }"1 for E coli and 10 mg 1"1 for 
B. subtilis. Polyhexanide proved to be the least toxic with a minimum effective 
concentration of 50 mg r1 for each of the bacteria tested. Synprolan and Proxel 
paste both exhibited similar toxicities when assessed using this method. 
Synprolan gave minimum effective concentrations of 20 mg }"1 for Ps. putida, 10 
mg 1"1 for E coli and 20 mg 1"1 for B. subtilis, whereas Proxel paste gave minimum 
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effective concentrations of20 mg I-I for Ps. putida, 10 mg 1"1 for E. coli and 10 mg 
tl for B. subtilis. 
Of the bacterial species tested, Ps. putida was shown to be the least sensitive 
species and E. coli was the most sensitive. 
3.212 Effect oftoxicants dissolved within agar on bacterial growth: the MIC test 
The response of both pure (E. coli, Ps. putida, B. subtilis) and mixed cul1.ures 
(Bioseed®) was determined. Initial range finding experiments were conducted 
with concentrations of the test toxicants in order to determine their appropriate 
levels of concentration. Results were obtained by adding the toxicants in 
increasing concentrations up to 50 mg 1-1 by 5 mg 1-1 increments, up to 100 mg 1-1 
by 10 mg 1-1 increments, and fmally up to 1000 mg 1-1 by 50 mg 1-1 increments. 
The maximum concentration of 1000 mg 1-1 was initially chosen as an arbitrary 
maximum, although the initial range finding experiments showed that it was 
appropriate since Bioseed® proved to be relatively insensitive to Polyhexanide. 
When using Bioseed® as the test culture, toxicant concentrations of 90 mg I-I for 
both 3,5-DCP and Synprolan, 450 mg I-I of Proxel paste and 900 mg 1-1 of 
Polyhexanide, which were just below the concentrations which caused total 
inhibition of growth (100 mg lOt, 100 mg 1"\ 500 mg I-I and 1000 mg 1-1, 
respectively), caused the colonies to fragment. This was probably a direct result 
of Bioseed® being a mixed culture with weaker members of the consortium 
inhibited at lower concentrations of the toxicants than more resistant members. 
This fragmentation was also observed at 450 mg }"I of Polyhexanide when using 
Ps. putida as the test culture. Re-plating the culture confimled purity, illustrating 
that even amongst the individuals of a pure culture there may not necessarily be 
homogenous sensitivity to a toxicant. 
3,5-DCP gave MIC values (the minimum concentration required to cause 100% 
inhibition of growth) of 100 mg }"I for Ps. putida, 50 mg 1-1 for E. coli, 32 mg I-I 
81 

for B. subtilis and 100 mg 1"' for Bioseed®. Polyhexanide proved to be the least 
toxic with MIC values of 500 mg 1-' for Ps. putida, 100 mg 1-' both for E. coli and 
B. subtilis, and 1000 mg }"' for Bioseed®. Synprolan was shown to be the most 
toxic chemical tested using this method with MIC values of 50 mg I·' for 
Ps. putida, 20 mg 1-' for E. coli, 40 mg 1-' for B. subtilis, and 100 mg 1-1 for 
Bioseed®. Proxel paste gave MIC values of 50 mg I·' for Ps. putida, 30 mg 1-' for 
E. coli, 50 mg 1-1 for B. subtilis, and 500 mg}"' for Bioseed®. 
Bioseed® proved to be the least sensitive indicator oftoxicity, with MIC values up 
to 1000 mg 1-1 for Polyhexanide. B. subtilis and E. coli were of a similar 
sensitivity and were shown to be the most sensitive to the test chemicals in this 
method, whilst Pputida was shown to be less sensitive than B. subtilis and E. coli, 
but more sensitive than Bioseed®. 
The MIC value for Polyhexanide was consistently higher than those for the other 
toxicants (Table 3.1). This indicates that Polyhexanide is relatively non-toxic, as 
was suggested in the results obtained from the other agar based growth test 
(section 3.2.2.1). However, tlus is not in agreement with results obtained from the 
turbidometric growth tests which indicate that Polyhexanide is the most toxic test 
chemical. It appears that Polyhexanide may be less bioavailable to the test species 
in the agar based tests, due to chelation with/adhesion to the agar, and is therefore 
unable to exert its full toxic effects in these tests. In the liquid based tests 
Polyhexanide appears to be more bioavaiiable and is thus able to interact to a 
greater degree with the test species enabling it to exert a greater toxic effect. 
3.3 Effects of toxicants on specific metabolic processes 
3.3.1 Inhibition of activated sludge respiration 
The inhibition of activated sludge respiration, measured using a Clark oxygen 
electrode, has long been used to assess toxicity. The use of activated sludge is 
favoured in respiration inhibition tests since results are more relevant for 
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estimating the effects of inhibitors in the environment than respiration tests 
employing single species (King and Dutka, 1987). 
Both sections 3.3.1.1 and 3.3.1.2 describe methods which use activated sludge 
from the Buckland Sewage treatment works, Newton Abbot. Experiments were 
conducted with concentrations of the test toxicants in a logarithmic series ranging 
from 0 to 100 mg 1-1 for 3,5-DCP, and from 0 to 1000 mg 1-1 for the ICI 
formulations. 
3.3.1.1 Effect of short toxicant exposure time to activated sludge using the 
Brixham Environmental Laboratory method 
Immediately after an aliquot (2 ml) of OEeD synthetic sewage concentrate was 
injected into the respirometric chamber to stimulate maximum oxygen uptake, the 
fall in dissolved oxygen was recorded on a chart recorder for at least 6 min to 
generate a slope of sufficient size in order to give a measurable exogenous 
respiration rate. The mean control respiration rate was calculated and the test 
chemical rates were expressed as a percentage of this. From these data, EC50 
values were calculated (Figure 3.5, Table 3.1). 
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Figure 3.5. Effect of test toxicants, 3,5-DCP, Synprolan, Polyhexanide and Proxel paste on the 
respiration of activated sludge measured using the Brixham Environmental Laboratory 
method. Data represent the mean from n = 3 replicates with the standard deviation. 
Results showed that 3,5-DCP was the most toxic test chemical tested giving an 
ECso value of 5.5 mg 1-1. Polyhexanide proved to be the least toxic test chemical 
showing an EC50 of 210.0 mg t-I. Synprolan gave an ECso value of 110.0 mg 1'1. 
Proxel paste gave an ECso of 30.0 mg 1-1 and hence was the most inhibitory 
toxicant fonnulation to the respiratory rate of the activated sludge. 
Apart from 3,5-DCP, which gave similar results in this test to results shown 
earlier, the test chemicals appeared to be orders of magnitude less toxic to the 
sludge than to the single bacterial species previously employed. 
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3.3.1.2 Effect ofa 3 h exposure time of the toxicants to activated sludge using a 
modification ofthe ETAD method 
This method measures the respiration rate of activated sludge in the same manner 
as in the Brixham method (section 3.3 .1.1) except that the test substance is in 
contact with the sludge for 3 h prior to taking oxygen measurments and the MLSS 
value is lower. 
After 3 h contact between the activated sludge and each of the test chemicals, the 
decrease in oxygen content was measured for at least 6 min in order to give a 
measurable exogenous respiration rate. The mean control respiration rate was 
calculated and the test chemical rates were expressed as a percentage of this. 
From these data, EC50 values were calculated. 
The effects of the test chemicals to the activated sludge in this test were very 
similar to those seen using the Brixham method (section 3.3.1.1). 3,5-DCP gave 
an ECso of 6.0 mg }"1. Polyhexanide gave an EC50 value of 500.0 mg 1.1. 
Synprolan and Proxel paste showed relatively sim.ilar toxicities with EC50 values 
of 55.0 mg }"1 and 35.0 mg}"1 respectively (Figure 3.6). 
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Figure 3.6. Effect of test toxicants, 3,5-DCP, Synprolan, Polyhexanide and Proxel paste on the 
respiration of activated sludge measured using the ETAD method. Data represent the 
mean from n =3 replicates with the standard deviation. 
3.3.2 Inhibition ofnitrifying ability ofactivated sludge 
Range-finding experiments deemed that tests were conducted with concentrations 
of the test toxicants in the range from 0 to 100 mg 1-1 for 3,5-DCP, and from 0 to 
1000 mg 1-1 for the ICI formulations. 
Inhibition of the nitrifying ability of activated sludge was assessed by measuring 
the change in the concentration of oxidised nitrogen, using an ion chromatograph 
in the presence and absence of the test chemicals in contact with nitrifying sludge. 
3,5-DCP was again the most inhibitory test chemical and gave an EC50 of 
3.0 mg I-I. Polyhexanide was the least toxic with an EC so of 730.0 mg }"1. 
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-Synprolan gave an ECso value of 50 mgll and Proxel paste gave an ECso values 
32.0 mg }"I (Figure 3.7). 
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Figure 3.7. Effect of test toxicants, 3,5-DCP, Synprolan, Polyhexanide and Proxel paste on the 
nitrifying ability of activated sludge. Data represent the mean from n = 3 replicates with 
the standard deviation. 
3.3.3 Effects of toxicants on the bioluminescence of P. phosphoreum using the 
Microtox® assay 
Initial range finding experiments were conducted with concentrations of the test 
toxicants ranging from 0 to 1000 mg }"1. It was found that concentrations of the 
test chemicals 3,5-DCP, Polyhexanide and Proxel paste in the range from 0 to 
25 mg 1-1, and $ynprolan concentrations in the range from 0 to 2.5 mg 1-1, were 
appropriate for assessment of toxicity. 
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Figure 3.8. Effect of the test toxicants, 3,5-DCP, Synprolan, Polyhexanide and Proxel paste on the 
bioluminescence of P. phosphoreum measured using the Microtox® assay. 
Inhibition was determined by the reduction in light output of P. phosphoreum, 
measured using a photomultiplier tube, in the presence or absence of test 
chemical. Proxel paste had a slight yellow tint so the colour correction procedure 
described in section 1.3.6. was undertaken. It was subsequently shown that the 
coloration did not have an affect on the detection of luminescence. 
Toxicity data obtained from the Microtox® system for 3,5-DCP gave an ECso value 
of 2.2 mg }"I. Polyhexanide gave an ECso of 3.6 mg I-I. Synprolan and Proxel 
paste were measured to be an order of magnitude more toxic with ECso values of 
0.3 mg 1"1 and 0.4 mg 1-1, respectively (Figure 3.8). 
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3.4 Comparison of results 
The results obtained for the sensitivity of the range of microbial tests described, to 
the toxicants, are given in Table 3.1. The data are presented as ECso values with 
95% confidence limits determined using the Brixham Environmental Laboratory 
EC50 program (Stephan, 1977). Using the data obtained for each of the toxicants, 
the following comparisons can be made: 
• 	 Toxicity of the test chemicals 
• 	 Sensitivity of the test species, whether pure or mixed cultures 
• 	 Response of the same test paremeter using different methodologies 
• 	 The inhibition of growth can be compared with the inhibition of specific 
metabolic processes, such as respiration, nitrification or bioluminescence 
From Table 3.1 it can be seen that the results obtained when using the toxicant 
3,5-DCP are the most consistent between tests, irrespective of whether the test 
measures a parameter integrating many metabolic and physiological processes 
such as growth, or a specific metabolic process, with ECso values ranging from 2.2 
to 11.5 mg tl. Numerous workers have obtained ECso values within this range, 
hence one of the reasons for this chemical being the OECD reference toxicant for 
activated sludge respiration inhibition tests (OEeD, 1987), with an accepted ECso 
range of 5-30 mg }"1. 
The results of these assays undertaken have indicated that the greatest variations 
in sensitivity between tests were seen when the chemical formulations were 
assessed, with EC50 values ranging from OJ1 to 55 mg r1 for Synprolan, from OJ 
to 730 mg r1 for Polyhexanide and from 1.0 to 35.0 mg }"1 for Proxel paste. 
However, within these wide ranges, closer correlation was observed for those tests 
employing mixed cultures, e.g., Proxel paste, 30-35 mg 1-1 ECso' The results 
obtained from tests using pure strains of bacteria also compared fairly well with 
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each other, e.g. 0.4-11.8 mg t 1 EC50 values for Proxel paste, but were significantly 
different from the results obtained using mixed culture based methods. 
TEST 
Microplate trays 
method 
Ps. putida: 
E. coli: 
B. subtilis: 
Cell Multiplication 
inhibition assay 
Ps. putida: 
E. coli: 
B. subtilis: 
Direct agar diffusion 
assay 
Ps.putida: 
E. coli: 
B. subtilis: 
Agar plate dilution 
(MIC) 
Ps. putida: 
E. coli: 
B. subtilis: 
Bioseed®: 

Activated sludge 

respiration 

inhibition; 

Brixham method 

Activated sludge 
respiration 
inhibition; ETAD 
method 
Activated sludge 
nitrification 
inhibition 
Microtox® 
Test 
Period 
6h 
6h 
4h 
16-18 h 
30 min 
3h 
4h 
15 min 
3,5-DCP 
ECso (mg 1"1) 
11.5 (9.1-13.1) 
8.5 (7.2 - 11.9) 
9.0 (7.4 - 12.4) 
10.0 (8.0 - 12.1) 
9.3 	 (7.1 - 11.9) 
nd 
Min. cone. to 
cause inhibition: 
15 

5 

10 

Total inhibition: 

100 

50 

32 

100 

ECso(mgn 

5.5 (4.3 - 7.4) 
6.0 (4.6 - 8.8) 
3.0 (2.0 - 7.9) 
2.2 (2.1 - 2.5) 
Synprolan 
ECso (mg 1"1) 
22.5 (19.0 - 28.3) 
11.5 (9.9 - 15.7) 
nd 
0.8 (0.2 - 1.9) 
0.7 	 (0.2 - 1.7) 
nd 
Min. cone. to cause 
inhibition: 
20 

10 

20 

Total inhibition: 

50 

20 

40 

100 

ECso(mg }"1) 

110 (81 - 168) 

55 (3& - 72) 

50 (38 - 69) 
0.3 (0.3 - 0.4) 
Polyhexanide 
ECso (mg 1"1) 
5.5 (4.4 - 7.2) 
3.0 (2.5 - 4.7) 
nd 
OJ (OJ - 0.4) 
0.3 	 (0.3 - 0.4) 
nd 
Min. cone. to cause 
inhibition: 
50 

50 

50 

Total inhibition: 

500 

100 

100 

1000 

ECso (mg 1"1) 

210 (154 - 301) 

500 (365 - 990) 
730 (560 - 1400) 
3.6 (3.0 - 4.2) 
Proxel paste 
ECso (mg 1"1) 
11.8 (7.8 - l3.2) 
7.8 	(5"7 - 10.2) 
nd 
1.3 (1.0 - 2.1) 
1.0 	 (0.8 - 1.8) 
nd 
Min. cone. to 
cause inhibition: 
20 

10 

10 

Total inhibition: 

50 

30 

50 

500 

ECso (mg 1-1) 

30 (22 -79) 

35 (26 - 90) 

32 (26 - 79) 
0.4 (004 - 0.5) 
Table 3"1. The toxicity of the test chemicals, 3,5-DCP, Synprolan, Polyhexanide and Proxel paste, 
assessed by a number of different microbial toxicological techniques. ECso values 
generated using the Brixham Environmental Laboratory Statistical Package. Numbers in 
brackets refer to the lower and upper 95% confidence limits. 
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The complex microbial consortium, activated sludge, seems to be significantly 
more resistant to inhibition than the pure cultures. Three major factors could 
cause this: 
• 	 Mutually beneficial, complex, biochemical interactions occurring between 
the members of the microbial consortia. A complex ecosystem is therefore 
present in which many interactions occur, resulting in the production of 
metabolites and intermediates which result in a mixed culture having a 
greater co-operative metabolic potential than if each species was in isolation. 
• 	 Adsorption of the toxicants, resulting in a decrease of their effective 
concentration in the test. 
• 	 Complexing substances present in the medium may be modifying the 
speciation of the test chemicals and consequently their toxicity. 
Of the pure cultures Ps. putida seems to be slightly more resistant than E. coli, 
indeed, pseudomonads are well documented on their inherent resistance to 
toxicants. E. coli is similar in sensitivity to B. subtilis. P. phosphoreum is the 
most sensitive pure culture to all test chemicals tested except Polyhexanide. 
It has been shown that even when assessing the toxicity of a chemical using tests 
which employ the same organism and utilise the same metabolic processes, the 
measured toxicity of a chemical can be influenced by the physical environment of 
the test. Whereas 3,5-DCP appeared unaffected by changes in the apparatus in the 
turdidometric Ps. putida growth tests, the chemical formulations gave 
significantly different results for both test conditions. These apparent differences 
in toxicity may be due to the fact that the formulations are adhesive and are 
adhering to the walls of the microplate wells thus decreasing their bioavailability 
and therefore not allowing exhibition of their full inhibitory effects. The 
adherence would not be significant in the cell multiplication inhibition assay 
which is conducted in 250 ml flasks, thus greatly decreasing the ratio of surface 
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area to test toxicant compared to the 300 f.LI microplate wells. Adherence of the 
formulations to surfaces or matrices, such as the conditions in the agar based tests, 
thus reducing their bioavailability to the test organisms, may play an important 
role in assessing the toxicity of complex chemical formulations. Indeed, after 
consultation with the manufacturers (Evans, 1994), both Synprolan and 
Polyhexanide were discovered to have adhesive qualities, added to the 
formulations to improve their performances and longevity in service. 
There have been several studies in which Microtox® sensitivity has been compared 
with other microbial toxicity tests. Dutka and Kwan (1981) compared Microtox® 
with the S. volutans motility test, and growth inhibition of P. fluorescens and 
A. hydrophila. The exposure periods for each test included 15 min for Microtox®, 
120 min for S. volutans, and 18 h for the growth inhibition tests. Thirteen 
compounds were tested and, except for mercury, the comparative sensitivities 
spanned several orders of magnitude. The Microtox® test data correlated most 
closely with those results obtained with the S. volutans assay. 
In 1983 Dutka and Kwan used 4 microbial toxicity assays to quantitate sensitivity 
data for 13 chemicals. Their methods were Microtox®, S. volutans, P. fluorescens 
growth test, and a 3 h respiration inhibition assay. The latter test utilised synthetic 
activated sludge, a consortium of six different bacterial species isolated from 
industrial and domestic sewage effluent. The sensitivities of the four tests varied 
10 to 900 fold with Microtox® the most sensitive for 8 of the 13 chemicals tested 
and the least sensitive for 2 of the 13. These results emphasise variations in 
sensitivity between tests. 
De Zwart and Sioof (1983) assessed the toxicity of 14 chemicals using the 
Microtox® assay and compared the data with sensitivity data from 20 different test 
species which included algae and bacteria. Microtox® sensitivity was quite similar 
to the three algal species (Chlorella pyrenoidosa, Scenedesmus pannonicus, and 
Selanastrum capricornutum) and the 6 h P. putida growth inhibition test. 
However, the 192 h growth test using the freshwater green alga, Microcystis 
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aeruginosa, was almost seven times more sensitive than Microtox® for the 14 
chemicals tested. 
The data suggest that the results obtained are dependent upon, and related to, the 
organisms employed in the test. Hence growth tests employing Ps. putida and 
Bioseed® give higher ECso values and higher MIC values than P. phosphoreum or 
B. subtilis, e.g., the MIC for Bioseed® was determined to be 1000 mg}"1 whilst the 
MIC for B. subtilis was determined to be 100 mg I-I . Also, tests which monitor 
specific, related metabolic events vary depending upon the organisms they 
employ, e.g. ECso values obtained from the Microtox® assay, which measures a 
metabolic event closely related to the cells respiratory apparatus, are significantly 
lower than values obtained from the inhibition of respiration of activated sludge. 
Since many factors are involved in the data obtained from microbial toxicity 
assays approaches which monitor the health of specifically chosen species or 
consortia of species, chosen as representatives of particular environments, have a 
definite role in environmental toxicity assessment. Biosensors can have a role to 
play by using activated sludge as a sensing element and employing this biosensor 
as a rapid monitor of the potential toxicity of chemicals to an activated sludge 
reactor. 
3.5 Conclusions 
• 	 The data highlight the fact that complex chemical formulations, such as those 
found in effluent streams, give varying levels of toxicity depending upon the 
method of assessment. 
• 	 The results of toxicity obtained for the same test chemical can vary, 
depending upon the test conditions, the species of bacteria used, andlor the 
use of mixed or single species 
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• While results from tests using pure cultures are useful for comparative 
ranking of the toxicity of the test chemicals, these results may not be relevant 
for estimating the effect of inhibitors in the environment. 
• To estimate the effect of inhibitors to the activated sludge process in a 
wastewater treatment plant with validity, activated sludge from the plant 
itself should be used. 
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4 DEVELOPMENT OF THE BIOSENSOR BASED BIOASSAY 
4.1 Introduction 
Whilst the use of microbial bioassays for the detection of pollution has been 
investigated by a number of workers (Bowdre and Krieg, 1974; Berkowitz, 1979; 
Stem, 1980; Bagdasar'yan and Genlatulin, 1981; Gillet et al., 1983; Suter, 1983; 
Bitton and Dutka, 1986; Walker, 1986, 1990; King and Dutka, 1987; Cairns, 
1989; Lenz et ai., 1989;), the exploitation of microorganisms in a biosensor 
configuration for environmental monitoring, although initially investigated over 
ten years ago (Neujahr, 1984), is a more recent and still emerging technology 
(Karube and Suzuki, 1983; Rawson et al., 1987, 1989; Werthen and Nygern, 
1988; Karube et ai., 1989; Gaisford et ai., 1991; Richardson, 1991; Gopel et ai., 
1992; Van Hoof et ai., 1992; Bains, 1993, 1994; Atkinson and Rawson, 1994; 
Haggett et al., 1995). 
A common feature in biosensor design is to use isolated enzymes as the 
biocatalytic components. The enzyme is responsible for the recognition of an 
analyte and hence for the specificity, selectivity and sensitivity of the final device. 
For the determination of a complex event, such as toxicity, an analyte specific 
system, may not be suitable. The integrating and recognition capabilities of 
whole, living cells enable their use in broad spectrum devices for the 
determination of complex variables, such as determining the concentration of 
biodegradable compounds in waste water or monitoring for environmental 
pollutants. 
The use of whole microbial cells immobilised on oxygen electrodes has been 
successfully accomplished by others (Karube et at., 1977; Hikuma et ai., 1979; 
Kawabata et ai., 1987) for the construction of rapid biochemcial oxygen demand 
(BOD) sensors for the characterisation of organic pollution in natural or 
wastewaters. However, work by Praet et al. (1995) has shown that due to 
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diffusional limitations and calibration problems, these sensors could not be 
classified as analytical instruments, although they may be of use for monitoring 
and process control. An alternative approach is to construct a whole cell 
biosensor based upon redox mediated amperometry which is both oxygen 
independent and insensitive to fluctuations in ambient oxygen concentrations. 
Earlier work at the University of Luton has shown that the amperometric, redox 
mediated biosensor technique was successful for monitoring the metabolism of 
single species of bacterial cells in a flow-cell arrangement, demonstrating a 
potential as a toxicity assay (Rawson et al., 1987; 1989; Gaisford et al., 1991; 
Richardson, 1991). More recently, whole bacterial cells have been immobilised 
on a single (combined working and reference) electrode and the technique of 
redox mediated amperometry was employed to detect chemical changes in the gas 
or vapour phases by the addition of volatile organic chemicals to the local 
environment of the sensor (Haggett et al., 1995). 
4.1.1 Aims 
The aim of the studies reported here is to develop a sample analysis based 
biosensor assay using both single bacterial species and also mixed consortia as the 
biocatalysts. The benefits of the sample analysis configuration are those of 
portability, rapidity and ease of use in the field. Single bacterial species will 
continued to be used in this study for the development of a model toxicity assay 
and will be compared with existing bioassays. The use of a mixture of bacteria as 
the biocatalyst on a redox mediated amperometric biosensor has not been 
previously investigated since, compared to a pure bacterial species, a mixture of 
species poses many additional problems because of its complexity and microbial 
variety. The study will investigate the potential for monitoring the metabolism of 
mixed microbial species for the development of a sensor for use as a toxicity 
monitor in a real environmental situation. The envisaged diagnostic application 
will be to determine the inhibition of metabolic activity within a wastewater 
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treatment plant environment, rapidly and with validity, by incorporating activated 
sludge as the sensing component in a biosensor device. 
In order to achieve the aims described, Richardsons (1991) biosensor system 
which monitored the respiratory rate of E. coli in a flow cell configuration was 
further developed and adapted into a stirred pot, sample analysis toxicity assay. 
This was used to investigate the metabolism of an environmentally ubiquitous 
bacterium, Ps. putida. This organism was felt to be a useful choice since it is 
likely to be present in activated sludge. Subsequently, the potential for using a 
defined mixture of bacterial species as the biocatalyst was investigated, and 
investigations were carried out into the possibility of using activated sludge 
obtained from wastewater treatment plants as the biocatalytic component on the 
biosensor. Since wastewater treatment plants treat subtly different wastewater 
compositions, the sludge community acclimatises to best metabolise their influent. 
The sludge communities therefore differ from one treatment plant to the next. 
Because of this, sludges were taken from three different wastewater treatment 
plants, chosen on the basis of the percentage of industrial wastewaters they 
treated, in order to investigate the relative performances of the different sludges as 
biocatalysts on the biosensor. 
The metabolic status of both the single bacterial and the mixed bacterial 
communities incorporated in the biosensor configuration was monitored through 
interrogation with appropriate redox mediator regimes, and the inhibition of the 
biosensor signals caused by test chemicals and complex effluents was assessed. 
4.1.2 Background 
The activated sludge process is one of the most important and widely used 
wastewater treatments, particularly for the removal of organic pollutants. Since 
the sludge is a living entity, toxic influents to an activated sludge reactor may 
reduce the sludges metabolic activity and therefore impair its function. 
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Conventional tests to determine toxicity towards activated sludge, such as pilot 
plant studies and long term respirometric and biodegradability effects, tend to be 
laborious, expensive and time consuming. On-line methods, such as Rodtox 
(Schowanek et aZ., 1987) and Toxiguard (Solyom, 1977), have been developed to 
monitor the effect of effluents entering activated sludge reactors within 
wastewater treatment plants. Both systems use oxygen electrodes to continuously 
monitor the respiration rate of activated sludge filled beds or small scale reactors 
in an effluent stream, prior to the effluent's entry into an activated sludge reactor. 
Although monitoring respiration is a good indicator of metabolic rate, employing 
dissolved oxygen measurements as the basis of assessing toxicity may result in 
problems, since major fluctuations in COD and BOD are common in effluent 
streams from both industrial and domestic sites. There is a need for a sensor to 
compliment the oxygen electrode based systems. Amperometric biosensors can 
use, with advantage, other chemicals (mediators) which exist in stable oxidised 
and reduced forms to shuttle electrons from the activated sludge to a working 
electrode where the flux is measured as a current. In particular, the current can be 
made less dependent on fluctuations in, or chemical demands of, the ambient 
oxygen conditions in an effluent stream. 
4.2 Previous work 
There are intrinsic differences between the mechanism of signal-generation from 
whole cells and that of mediated enzyme electrodes. In the latter case electrons 
are taken from reduced enzymes at specific donor sites (or a limited number of 
sites) provided that there is a relatively free access for the mediator. Access of a 
mediator to sources of reducing power within an organism is restricted, however, 
by the cell walls and the cell membrane, and these same sources may be varied in 
number and location (enzymes, pyridine nuc1eotides, quinone intermediates, 
cytochromes). In principle it is possible for a mediator to interact with a particular 
intracellular electron donor, but since complex interactive redox states are present 
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it is useful for many purposes to view the electrons as residing in a reducing pool 
within the cytoplasm. 
In a whole cell bacterial biosensor, a current can be obtained by monitoring 
electron flow along the ETC of the bacteria using mediators, such as potassium 
hexacyanoferrate (III) or p-benzoquinone, to aid current flow between the 
bacterial cell and the transducing element (Hadjipetrou et al., 1966; Ramsey, 
1986; Ramsey and Turner, 1988, Richardson et al., 1991). 
Rawson et al. (1987, 1989), Gaisford et al. (1990) and Richardson et ai. (1991) 
have reported the development of whole cell bacterial biosensors which use 
chemical mediators to access cellular redox events and monitor the metabolic 
status of the immobilised microbial population. 
This technique was successfully applied to monitoring the photosynthetic activity 
of the cyanobacterium Synechococcus sp. immobilised as the biocatalytic species 
(Rawson et al., 1987). After illuminating the cyanobacteria in a continuous flow 
system by means of a photodiode, the mediator potassium hexacyanoferrate (III) 
was reduced by the bacterial photoelectron transport system, and the mediator's 
reoxidation could be monitored by means of an amperometric electrode. 
Inhibition by various herbicides could be detected within minutes at sensitivities 
ofless than 0.20 mg }"1. 
The system was subsequently modified to allow the monitoring of respiratory 
activity of E. coli cells held on an in-house produced carbon graprnte pencil-type 
electrode (Rawson et al., 1987), in a flow cell configuration (Richardson et al., 
1991). E. coli cells were grown for 16 h at 37°C then harvested within stationary 
phase and immobilised as a monolayer on a single alumina filter. A four channel 
flow cell, constructed in perspex and designed to allow flow-through analysis, was 
connected to a four channel interface and the data were stored and displayed on a 
BBC Master computer system. 
99 

I 
I 
~ 

The authors showed that the current produced was proportional to the level of 
respiratory activity of the cells, thus allowing for an application in toxicity 
assessment and to compliment traditional bioassays in a range of applications, e.g. 
water intake protection, assessment of receiving water quality, and monitoring of 
toxic spills in a river system. 
4.3 Monitoring the metabolic activity of selected whole microbial cells and 
mixtures of cells using a chemically mediated biosensor 
Preliminary investigations to determine which factors could be adapted from flow­
cell methodology to a static, sample analysis system were carried out. 
Following work by Richardson et ai. (1991), aliquots (10 1-11) of a cell suspension 
of E. coli harvested after 16 h incubation at 37 DC, (section 2.2.2) were 
immobilised on Anopore filters and secured onto pencil-type carbon graphite 
electrodes as single or sandwich filters such that cells and electrode surface were 
in close communication (section 2.4.1.2(i), Figure 2.2). The biosensors were 
taken from the flow cell configuration and held in stirred vials. 
Monitoring of respiratory activity, as described in protocol A, was conducted for a 
period of 1 h. Up to 15 electrodes were constructed and each secured individually, 
together with a silver/silver chloride reference electrode, into a vial cap which was 
then pushed into a glass sample vial containing 5 mM of the respiratory substrates, 
glucose, sodium lactate and sodium succinate in 0.85% saline. Up to 15 vials 
were arranged in a purpose-built case placed on top of a 15 place stirrer bed and 
stirred at an arbitrary level of 300 rpm (Figure 4.1). 
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Figure 4.1. Schematic of biosensor apparatus showing the transfer of information from 15 sensors 
to a computer 
Work by Richardson et al. (1991) found that E. coli immobilised from a stationary 
phase culture (incubation at 37°C for 16 h) produced the best mediated responses 
in terms of both stability and sensitivity during long-term continuous monitoring. 
Since this present study investigates short-term monitoring for the purposes of 
rapid sample analysis, the long-term stability was of less importance than the 
ultimate sensitivity of the biosensor. The metabolic state of the bacteria will play 
a major part in determining the sensitivity of the sensor, hence harvesting the 
bacteria at the period of their growth in which they have entered stationary phase 
was not considered appropriate since bacterial cultures are least sensitive at this 
stage (Liu, 1985). E. coli was therefore harvested after 6 h growth at 37 °e, at 
which time the culture was in the latter stages of its log phase of growth (Figure 
4.2), and immobilised at the same cell density. 
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Figure 4.2. Growth curve for E. coli grown at 37 DC. Data were accumulated beyond the time 
scale shown above. The curve remained stable until around 1080 min (18 h), after which 
time the O.D. began to drop, possibly indicating cell lysis. 
Background currents varied but were generally unacceptably high (i.e. > 1 IlA). 
In addition currents produced after the addition of the mediator (5 mM potassium 
hexacyanoferrate (III)) were noisy, which would increase the difficulty in making 
assessments of whether small perturbations in the current occurred as a result of a 
toxic response or simply as a result of electronic noise (Figure 4.3). 
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Figure 4.3. Signals from 3 biosensors constructed using in-house produced carbon graphite 
electrodes on which E. coli, harvested after 6 h growth at 37°C, were immobilised on a 
single filter. An aliquot (1001ll) of mediator (5 mM potassium hexacyanoferrate III) 
added at 500 s. Note the generally noisy signals and the high currents prior to the 
introduction of the mediator (baseline signal). 
The in-house produced electrodes, used by Richardson et al. (1991), which would 
inherently differ slightly in their electronic behaviour due to the slight variations 
in the area of the exposed carbon graphite, were therefore replaced with screen­
printed carbon graphite electrodes. These were externally manufactured in 
batches of 200, in an attempt to increase their uniformity. All toxicity data 
described in Chapter 5 were obtained using these electrodes. 
Results from preliminary experiments suggested that the rate of stirring was not 
sufficient for the new strip electrodes. It was found that the stirring rate was not 
adequate to ensure good circulation of the mediator. The rate of stirring was 
therefore increased from 300 rpm to 700 rpm (the maximum rate at which the 
magnetic stir bar was stable) (Figure 4.4). 
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Figure 4.4. Effect of five different stirring rates on the signals from 3 E. coli based biosensors, 
mediated using 5 mM potassium hexacyanoferrate (III). The stirring rates, from 300 rpm 
to 700 rpm, are shown above the traces (5 mM substrate cocktail; glucose, sodium 
succinate and sodium lactate). 
Increasing the stirring rate improved the circulation of the reduced and oxidised 
forms of the mediator resulting in a higher biosensor response. However, the level 
of electronic noise was proportional to the level of the current. 
In a recent paper by Haggett (1994), the author presents a mathematical model 
which describes aspects of the transient and steady-state behaviour of biosensors 
that incorporate living whole microbial cells. The model states that a diffusion 
barrier may exist over the working electrode surface if the filter region is not of a 
sufficient thickness. If the filter region is not thick enough, the model suggests 
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that the current would be dependent upon the stirring rate. This may explain why 
a greater amount of electronic noise is seen as the stirring rate is increased. 
An increased stirring rate was felt to be necessary to ensure good circulation and 
stabilisation, so the stirring rate of 700 rpm was adopted for all further studies. It 
was therefore apparent that an increase in filter layer thickness was required. 
Immobilising the bacteria within a filter sandwich, achieved by placing an extra 
filter over a cell-loaded filter, brought about the necessary increase in the filter 
layer thickness and also allowed easier addition of extra filters if required. The 
increased filter layer resulted in less noise (Figure 4.5), in support of 
Haggett et al. (1994), but it was apparent that the current produced was still 
affected by electronic noise, probably as a result of a continued stirring rate 
dependence. The addition of extra filters, which would contain the diffusion 
barrier within this filter region and negate the currents dependency on the stirring 
rate, was therefore conducted until an optimum configuration was found. 
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Figure 4.5. Biosensor response after immobilising E. coli within a filter sandwich, stirred at 
700 rpm. Arrow indicates point of addition of 5 roM potassium hexacyanoferrate (III). 
Note signal noise, possibly as a result of a still inadequately large filter region (5 roM 
substrate cocktail; glucose, sodium succinate and sodium lactate). 
As can be seen in Figure 4.6 immobilisation of the bacteria in a filter sandwich 
with additional filters facing the bulk solution negated the stirring rate dependence 
of the current produced. The addition of two extra filters proved to be the 
optimum arrangement in terms of removing stirring rate dependence and 
minimising time and complexity in the construction of the biosensor. This 
immobilisation procedure was therefore used for all toxicity studies. 
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Figure 4.6. Biosensor response after immobilising E. coli within a filter sandwich with two extra 
filters added on the bulk substrate side (5 mM glucose, sodium succinate and sodium 
lactate). Stirred at 700 rpm. Arrow indicates addition of potassium hexacyanoferrate 
(III). Figure illustrates less noisy currents as a result ofa sufficiently thick filter region 
4.4 E. coli biosensor development: The E. coli based biosensor configuration 
Preliminary investigations suggested that several parameters needed amending 
from established flow-cell protocols for sample analysis. Culture age and size of 
filter layer were investigated but concentration of mediator and substrates are also 
key factors. However, the following operating parameters were conserved in 
initial experiments to obtain reproducible, sensitive, mediated responses from a 
sample analysis system employing E. coli as the biocatalyst: 
• Biosensors were held in stirred vials (depth 50 mm, diameter 25 mm) and up 
to 15 vials were placed on a 15 point magnetic stirrer bed 
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• 	 Late-log/early stationary phase (6 h) cultures of E. coli, grown at 37°C, were 
used. 
• 	 Cultures were immobilised within a filter sandwich with 2 extra filters 
towards the bulk solution. 
• 	 Mediation was achieved by using 5 mM potassium hexacyanoferrate (III) 
with 5 roM respiratory substrates. 
These arrangements were adopted as the best configuration for an E. coli based 
biosensor in a short-term static test. The basic operating protocol, described in 
section 2.4.3 (Protocol A) was amended systematically to determine definite 
operating protocols for alternative biocatalysts. 
4.5 Effect of varying harvesting and immobilisation procedures on the 
mediated response of immobilised Ps. putida 
The pseudomonads are ecologically important organisms in soil as well as in 
water and have been associated with the degradation of many soluble compounds 
derived from the breakdown of organic materials (Brock et ai., 1984). 
Comparable with E. coli, Ps. putida is a Gram -ve, motile rod, with a similar 
growth rate, albeit at a lower optimum temperature for growth of 25°C. It is 
found in most aquatic environments, including the activated sludge environment, 
which alone makes it a worthy species for assessment as a biocatalyst. Also, Ps. 
putida is the bioassay organism in the ISO Ps. putida growth inhibition assay, 
therefore a wealth of toxicity data are associated with it. 
Initial experiments utilising biosensors constructed using Ps. putida, grown for 6 h 
at 25°C, and operated according to the basic operating protocol (protocol A) 
revealed that the biosensors produced stable background responses, but the 
108 

.. 

1 mM mediator 
600 1200 1800 2400 3000 3600I 
o 
o 
Time Is 
Figure 4.7. Biosensor response after immobilising a Ps. putida (harvested after 6 h incubation) 
within a filter sandwich with two extra filters added on the bulk substrate side (5 mM 
glucose, sodium succinate and sodium lactate). Stirred at 700 rpm. Varying 
concentrations of potassium hexacyanoferrate (III) were added between 600 and 740 s. 
Concentrations shown adjacent to traces. Figure illustrates lack of stability of current as a 
result of the use of potassium hexacyanoferrate (III). 
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responses were slow to reach stability following addition of either 1, 5 or 10 mM 
potassium hexacyanoferrate (III). After the addition of the mediator initial 
realisation of current was rapid, but the level of response was not maintained and 
stability was not reached until an unacceptably high period of 1000 s had elapsed, 
independent of the mediator concentration (Figure 4.7). This may be due to the 
potassium hexacyanoferrate (III) having difficulty accessing a steady supply of 
electrons from Ps. putida. Cells of Ps. putida are surrounded by a mucilaginous 
sheath, therefore a lipophobic mediator such as potassium hexacyanoferrate (III), 
which accesses electrons at the surface of the membrane at the dehydrogenase 
level (Richardson et al., 1991), would be unable to interact consistently with 
membrane bound sources ofreductant. 
14.0 
..... 
c 
Q) 
l­

I­
:::J () 3.0 
2.0 
10 and 5 mM 
mediator1.0 
A number of workers (Williams et al., 1970; Ramsey, 1986; Cardosi and Turner, 
1987; Ramsey and Turner, 1988; and Richardson et al., 1991) have used 
p-benzoquinone as a mediator to transfer electrons from a biological component to 
an electrode surface. p-Benzoquinone is a lipophilic mediator and thus may have 
more success at penetrating Ps. putida's outer layers enabling access to the pool of 
yreductant residing within the cytoplasm. p-Benzoquinone was shown to be 
inhibitory to E. coli cell multiplication at 34 mg 1"1 (Devillers et aZ., 1990), 
possibly due to free-radical formation and the alkylation of sulphydryl groups 
(Irons, 1985). Richardson (1991) diyd some preliminary work using 0.2 mM p­
benzoquinone as a potential mediator in a flow cell biosensor with E. coli as the 
biocatalyst. Although a response was achieved, its use was discontinued due to 
the observed toxicity of the compound to E. coli. 
A preliminary investigation into the effect of the addition of 0.2 mM p­
benzoquinone on Ps. pulida biosensors bathed in 5 mM respiratory substrates 
(glucose, sodium succinate and sodium lactate) was conducted. Ps. putida 
responses were improved from those achieved using potassium hexacyanoferrate 
(III) since currents after mediator addition were relatively stable, with no 
indication of a significant toxic effect, and obtained this stability in a much shorter 
time than with potassium hexacyanoferrate (III) (Figure 4.8). 
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Figure 4.8. Biosensor response after immobilising Ps. putida within a filter sandwich with two 
extra filters added on the bulk substrate side (5 mM glucose, sodium succinate and 
sodium lactate). Stirred at 700 rpm. p-Benzoquinone (0.2 mM) was added to each of the 
sensors between 525 and 590 s. Figure shows greater stability of current as a result of the 
use ofp-benzoquinone. Note that initial current peaks still observed. 
Further investigations into Ps. putida based biosensors were therefore conducted 
using p-benzoquinone as the mediator. The response of Ps. putida loaded 
biosensors to varying concentrations of mediator with varying concentrations of 
bathing substrates was measured at a time interval of 1000 s after the addition of 
the mediator to assess the magnitude of current and hence the degree of saturation 
of mediator and substrates. The time point of 1000 s was chosen since it was well 
within a period of stable current for all concentrations of mediator. A culture age 
of 6 h was chosen for investigation since growth studies revealed that the cultures 
were in a late-log phase of growth and thus in a high metabolic state. The 6 h 
culture age also complimented that used for the E. coli biosensor and also that 
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used for Ps. putida in the growth inhibition assays described in Chapter 3 (sections 
3.2.1.1 and 3.2.1.2). 
Concentrations of 0.4 and 0.5 mM p-benzoquinone with the substrate cocktail at 
either 5, 10 or 20 mM were most effective in monitoring the respiratory activity of 
Ps. putida with respect to saturation and stability of activity (Figure 4.9). At these 
concentrations the results show that the immobilised Ps. putida are fully saturated 
with mediator and substrates. 
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Figure 4.9. The response of Ps. putida loaded biosensor to varying concentrations of respiratory 
substrate (glucose, sodium succinate and sodium lactate) and mediator (p-benzoquinone). 
omM substrates (-&-); 1 roM substrates (-8-); 5 roM substrates (~); 10 mM 
substrates (___ ); 20 roM substrates (~). Ps. putida (harvested after 6 h 
incubation) loaded within a filter sandwich with two extra filters placed on the substrate 
side. Stirred at 700 rpm. Data represent the mean from n == 3 replicates with the standard 
deviation. 
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Due to the nature of electron mediators it was felt that the lower concentration of 
p-benzoquinone that resulted in full saturation (0.4 mM) was more appropriate. 
As mentioned, mediators can be slightly inhibitory to the cell since they passively 
interfere with electron transport. Since the biosensor is intended to function as a 
toxicity test, the lower concentration of mediator was felt to be necessary so as not 
to compound any toxic effects caused by test samples. On a similar vein, 10 mM 
substrates was thought to be the more appropriate concentration to use so as not to 
be limiting when toxicity studies were conducted. 
Monitoring the activity of Ps. putida as the biocatalyst on a biosensor were 
therefore conducted using 6 h cultures, immobilised within a filter sandwich with 
2 extra filters, and mediated by 0.4 mM p-benzoquinone with 10 mM respiratory 
substrates. 
4.6 Incorporation of mixed cultures in biosensors 
4.6.1 Introduction 
Monitoring the metabolic activity of mixed cultures using mediated amperometry 
had not been attempted previously by other workers and posed several problems 
not experienced in monitoring the activity of pure cultures. The biochemical 
complexity, microbial variety and lack of a consistent metabolic state - an 
immobilised organism in a state of starvation or pseudohibemation is of little use 
since monitoring requires a high and reproducible level of activity from the 
biocatalyst - will all cause difficulties in successful mediation ofthe current. 
The aim is to investigate a defmed mixed culture to ascertain whether it is feasible 
to use mediated amperometry, to assess problems and benefits and then apply 
these findings to an unknown but essentially conserved mixed population, i.e., 
activated sludge. The challenge was to determine the optimum mediator regime so 
that a reproducible, relevant proportion of the immobilised population could be 
accessed to contribute to the observed mediated response. 
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A compromise situation will exist since the mediators employed may not be fully 
compatible with all of the different types of bacterial species (and non-bacterial 
species in the case of activated sludge) present. The action of toxicants specific to 
certain bacterial species may therefore not reduce the overall current, due to either 
those bacteria affected being in very small numbers, or the affected bacterial 
population may have been inhibiting the activity of another bacterial group thus 
leading to a maintenance of the original current, or if that species is unaccesible to 
the mediator regime. 
However, these compromises were felt to be acceptable, since it is the complexity 
of the consortia which is being exploited in order to construct a biosensor which 
gives both realistic and valid assessments of the toxicity of a particular 
environment. For example, a potentially integrating effect amongst the activated 
sludge members of the consortia in the biosensor configuration should allow 
toxicants to be assessed at the same levels which are inhibitory to wastewater 
treatment processes. 
4.6.2 Mediation ofimmobilised Bioseed® 
Bioseed® is a defined blend of 20 microbial strains, designed primarily for BODs 
testing, supplied in a freeze-dried form by InterBio. A Bioseed® capsule was 
dissolved in 250 ml nutrient broth and cells were harvested for immobilisation 
after incubation for 6 h at 25°C. Optical density measurements of the culture 
gave an O.D. of 3.0 ± 0.19 (n=4) at 430 nm, higher than that for E. coli. 
Microbiological analysis of this culture (microscopic examination, Gram staining, 
motility and the use of API biochemical test strips) following plating onto nutrient 
agar and re-incubating in nutrient broth revealed between 14 and 16 (n=4) viable 
species, 4 ofwhich were pseudomonads. 
As was found for Ps. putida, the use of potassium hexacyanoferrate (III) as a 
mediator was shown to be ineffective for Bioseed® immobilised on the biosensor. 
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-Figure 4.10 shows the effect of addition of 10, 5 and 1 mM potassium 
hexacyanoferrate (III) and it highlights the length of time required for the sensors 
to achieve stable currents. A stable, although decreasing, current was not 
achieved until around 1600 s and this again was felt to be unacceptable for a rapid 
assay. 
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Figure 4.10. Biosensor response after immobilising Bioseed® (harvested after 6 h at 25°C) 
within a filter sandwich with two extra filters added on the bulk substrate side (5 roM 
glucose, sodium succinate and sodium lactate). Stirred at 700 rpm. Varying 
concentrations of potassium hexacyanoferrate (III) were added between 590 and 610 s. 
Concentrations shown adjacent to traces. Figure illustrates poor stability of current as a 
result of the use ofpotassium hexacyanoferrate (III). 
The Bioseed® loaded biosensor response after the addition of 0.2 roM of the 
mediator p-benzoquinone was assessed (Figure 4.11). A comparison of the 
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magnitude and stability of response of Bioseed® biosensors exposed to potassium 
hexacyanoferrate (III) (Figure 4.10) and p-benzoquinone (Figure 4.11) revealed 
that they behaved similarly to Ps. putida and p-benzoquinone again proved the 
more suitable mediator. 
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Figure 4.11. Biosensor response after immobilising Bioseed® within a filter sandwich with two 
extra filters added on the bulk substrate side (5 mM glucose, sodium succinate and 
sodium lactate). Stirred at 700 rpm. p-Benzoquinone (0.2 mM) was added to each of the 
sensors between 580 and 610 s. Figure shows greater stability of current as a result of the 
use ofp-benzoquinone. 
Resultant currents after mediator addition rose slightly slower than those in Figure 
4.8 (ps. putida based biosensors) and did not reach as high a current. The lower 
rapidity and magnitude of response of the Bioseed® based sensors, when 
compared with the pure culture sensors, was not unexpected. In Bioseed® there 
are 20 bacterial species so to expect them to equally respond to the mediator and 
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substrate regime is umealistic. The currents generated after mediator addition, 
although slower to respond than the pure culture sensors, reached stability in a 
shorter period. Stable currents were achieved only 600 s after mediator addition. 
Little difference in the levels and stability of the currents obtained were found 
between Bioseed® cultures incubated for longer than 6 h up until 16 h, after which 
the response to the addition of mediator began to deteriorate in terms of both 
rapidity and magnitude. Investigations into Bioseed® based biosensors were 
therefore conducted usingp-benzoquinone as the mediator. 
The concentration of 0.3 mM p-benzoquinone, with the substrate cocktail at 
10 mM, was most effective in monitoring the respiratory activity of the Bioseed® 
mixed culture with respect to magnitude and stability of response. At these 
concentrations the results show that the imrnobilised mixed culture is fully 
saturated with mediator and substrates (Figure 4.12). Concentrations of p­
benzoquinone higher than 0.3 mM caused a slight reduction in the current 
obtained, implying a small toxic effect exerted at these concentrations by'+22Xthe 
mediator possibly on weaker members of the mixed consortium. A slight toxic 
effect may also be present at 0.3 mM although this was deemed to be acceptable 
in the envisaged time-frame of the test due to the unsuitability of the mediator 
potassium hexacyanoferrate (III). 
Toxicity studies employing Bioseed® as the biocatalyst were therefore conducted 

using 6 h cultures, imrnobilised within a filter sandwich with 2 extra filters, and 

mediated by 0.3 mMp-benzoquinone with 10 mM respiratory substrates. 
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Figure. 4.12. The response of Bioseed® loaded biosensor to varying concentrations of respiratory 
substrate (glucose, sodium succinate and sodium lactate) and mediator (p-benzoquinone). 
I omM substrates (-it- ); 1 mM substrates (-8-); 5 mM substrates (-+- ); 10 mM substrates (_ ); 20 mM substrates (~). Bioseed® (harvested after 6 h incubation 
I at 25°C) loaded within a filter sandwich with two extra filters placed on the substrate 
, side. Stirred at 700 rpm. Data represent the mean from n = 3 replicates with the standard 
deviation. ~ 
I 
I 4.6.3 Mediation of immobilised activated sludge 
I Activated sludge was obtained from the return solids channel at a number of sites 
k 
l in order to compare their responses to toxicants. 
Buckland Sewage Treatment Works, Newton Abbot, which treats a sewage of• 
i significantly domestic origin (approx. 80% domestic, 20% industrial). 
,
, 
j 
I 
i 
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• East Hyde sewage works, Bedfordshire, which treats a sewage of high 
industrial origin (approx. 65% domestic, 35% industrial). 
• 	 Bishops Stortford sewage works, Essex, which treats a sewage of 
predominately domestic origin (approx. 75% domestic, 25% industrial). 
The activated sludges were prepared prior to harvesting as described in section 
2.2.1. The sludges were therefore not harvested for imrnobilisation until at least 1 
day old. The age of the sludge was varied, from 1 day to 4 days old in order to 
determine whether the age of the culture influenced the ability to monitor its 
metabolic activity effectively. 
Differing harvesting procedures, which varied in the concentration ofthe sludge that 
, 
~ 
, 
they produce, were investigated. Sludges were harvested by allowing neat sludge to 
settle under gravity, by centrifuging samples according to section 2.2.2 (after 
I 
undertaking varying dilutions), by using filtration, and by concentrating and I 
I 
monitoring the bacteria found in the supernatant. 
Centrifugation of the supernatant obtained from settling the sludge under gravity 
resulted in the production of very small pellets, suggesting that highly motile, 
planktonic members of the consortia were not abundant. Indeed, direct 
microscopic examination of the supernatant, involving the use of a Petroff­
Hausser counting chamber, revealed it to be very low in bacterial numbers, too 
low for any accurate enumeration by this method. Plate counts were then 
conducted for each of the sludges which showed that there was a mean value of 
0.94 x 102 cells per ml of supernatant with a sd(n.l) of 0.28 x 102 (n = 9). Major 
differences in bacterial numbers in the supernatants were not seen between the 
sludges, although the supernatant from the East Hyde sludge was found to contain i slightly lower bacterial numbers than those from the other two sludges. This is 
probably a reflection of the variations in the microbial populations of the sludges, 
i.e., proportions of sessile versus planktonic species, brought about by the different 
culture conditions. It was noted that the settled sludge from East Hyde was darker 
than the other two sludges and a more distinct and sharp margin was fonned 
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between the settled sludge and the supernatant. This differed from the other sludges 
which, after settling, had less well defmed interfaces between the sludge mass and 
the supernatant. Further examination of the sludges showed that the East Hyde 
sludge contained fewer long filaments than the other two sludges and was 
organised into tighter flocs, which consequently resulted in a greater settling rate. 
It is therefore apparent that motile members of the sludge consortium are not 
found to any great extent in the supernatant due to the close association of the 
free-swimming species with the floes. This was true for all the sludges tested. 
In order to get any signal from the species' found within the supernatant, 8 pellets 
had to be combined. However, generally the signal obtained from all of the 
sludges was very poor (Figure 4.13) with low and unstable current production 
regardless of the mediator and substrate regime (from 5 to 20 roM respiratory 
substrates with a range of concentrations of potassium hexacyanoferrate (III) and 
p-benzoquinone) and age of the sludge (1 to 4 d). 
Due to the poor response to mediation, the time-consuming and cumbersome 
method of combining pellets, and the fact that the numbers of bacteria within the 
supernatant were relatively very small compared to those in the sludge bulk, it was 
not felt suitable to monitor the metabolic status of these organisms as 
representatives of the sludge as a whole. Indeed, their presence in the supernatant 
may well be transitory since their preferred habitat is around and associated with 
the sludge floes. 
For similar reasons, the immobilisation of the sludge residue, obtained by 
filtration of the sludge through 0.2 ~lm Anopore bacteriological filters, was 
discontinued. Although current generated and sensitivity to toxicants was good, 
the method was also cumbersome and time consuming to perform, and resulted in 
the production of a relatively unknown quantity of sludge on the electrode. This 
would inevitably affect reproducibility and so was deemed to be unacceptable. 
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Figure 4.l3. Biosensor response after immobilising bacteria, obtained from the supernatant of 
activated sludge from the Buckland Sewage Treatment Works, within a filter sandwich 
with two extra filters added on the bulk substrate side (5 mM glucose, sodium succinate 
and sodium lactate). Pellets (8) from centrifugation were combined. p-Benzoquinone 
(0.2 mM) was added to each ofthe sensors between 590 and 595 s. Sludge was harvested 
after 2 d and vials were stirred at 700 rpm. 
Both centrifugation and settling under gravity showed early promise as suitable 
methods of harvesting with regards to the stability and magnitude of current 
generated after the addition of mediator (0.2 ruM p-benzoquinone). Further 
research into the most suitable methods for the development of a sludge based 
biosensor was therefore carried out using these two harvesting techniques. 
The undiluted sludge pellets harvested by centrifugation were too dense for 
adequate immobilisation, as described in section 2.4.1.2, since they impeded the 
diffusion of the liquid portion through the Anopore filter and proved to be very 
awkward to load onto the electrodes. There is much organic debris and detritus 
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associated with sludge which will contribute to the bulky nature of the pellets. 
Filaments, protozoan life and inherent floc forming processes also help to add to 
the bulky nature of the pellets, relative to those from centrifuged single species. 
Although the density of the sludge is high, viable bacterial cells number 1x106 ml-1 
(]ordinson, 1995), compared with around 1 x108 mr! for the E. coli culture 
(Richardson, 1991). Due to the relatively lower bacterial cell numbers in the 
sludge, investigations were carried out on the effect of dilution on subsequent 
response as well as on ease of immobilisation. 
The cells obtained from the neat and the diluted sludges, harvested by 
centrifugation, and from settling the sludge under gravity, were immobilised on a 
single filter and within filter sandwiches with zero, one, and two extra filters 
placed on the substrate side of the electrode, in order to assess the need for 
increasing the filter region as described in section 4.3. These assemblages were 
held in intimate proximity to the electrode surface (section 2.4.1.2(ii)). 
I 
Investigations into the number of filters required for immobilisation of the sludge 
revealed that a filter sandwich assembly was still required since sludges immobilised 
on single filters gave rise to noisy currents, similar to those seen previously (Figure 
4.3). However, additional filters on the substrate side of the electrode, as were used 
in the E. coli, Ps. putida and Bioseed® biosensing electrodes to negate the stirring 
rete dependence of the signal, were found to be not required since the increased bulk 
of the immobilised sludge caused the diffusion layer to be held within the filter 
region. The containment of the diffusion layer reduced any hydrodynamic effects 
on the current, such as those which may be caused by stirring, resulting in the 
generation of smooth currents. The optimum arrangement in terms of removing 
stirring rate dependence and minimising time and complexity in the construction t 
of the biosensor was therefore simply to immobilise the sludge within a filter 
I 
~ 
sandwich with no extra filters added. 
I A dilution of 1:2 (sludge:saline) was the lowest dilution of the centrifuged sludge which allowed unrestricted diffusion of the liquid portion through the Anopore 
,~ 
,
I 
122 
1, 
filter. Less dilute sludges caused the production of a thick pellet of sludge which 
"Vas both difficult to handle and, as was found with subsequent investigations, 
insensitive to toxicants. Sludge harvested by settling did not need to be diluted in 
order to obtain a steady response and was found to generate a current of adequate 
magnitude with a suitable sensitivity to toxicants. 
'The preferred method of harvesting the sludge, which was both easy to perform 
and gave appropriate sensitivity to toxicants was therefore simply allowing the 
sludge to settle under gravity. 
As before, the metabolic status of the immobilised mixed culture was monitored 
by following protocol A. Range-finding experiments for both mediators 
(potassium hexacyanoferrate (III) and p-benzoquinone) and the substrate cocktail 
vvere performed as detailed in section 4.6.2 for Bioseed®. 
Under the same immobilisation and substrate regimes, the three sludges behaved 
similarly with regards to current stability and response to mediator addition. The 
currents obtained were not found to be stable when the sludge was only left for 
1 day prior to harvesting and immobilisation, irrespective of mediator 
concentration used. Response to mediator was at its most stable when the sludge 
was left for at least 2 days. Subsequent results showed that 3 day old sludge was 
insensitive to standard toxicants (3,5-DCP) so 2 day sludge was used for all 
studies. The decreased sensitivity could be as a result of an increased number of 
resilient bacteria, growing and metabolising at the expense of weaker members of 
the consortia. 
As was found for Bioseed, ® the use of potassium hexacyanoferrate (III) as a 
mediator was shown to be ineffective for monitoring the metabolic state of sludge 
immobilised on a biosensing electrode. Figure 4.14 shows the effect of addition 
of 5 mM potassium hexacyanoferrate (III) and it shows that stable current was not 
achieved within the time-frame of the experiment (3600 s). Again, this was felt to 
be unacceptable for a rapid assay. It appears from the profile of Figure 4.14 that 
initial reduction of the mediator and electron transfer to the electrode surface was 
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good, but was not maintained. Reduction in current over time could be due to a 
possible toxic effect or simply a lack of ability of the mediator to gain access to a 
stable supply of reductant. 
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Figure 4.14. Biosensor response after irnroobilising activated sludge (from Buckland Sewage 
Treatment Works) within a filter sandwich after the addition of 5 mM potassium 
hexacyanoferrate (III) at 590 s. Stirred at 700 rpm. Figure illustrates poor stability of 
response with current tending towards the baseline. Sludge harvested after 2 d and 
bathed in 5 roM glucose, sodium succinate and sodium lactate substrate cocktail. 
Stable responses were achieved when p-benzoquinone was used as the mediator 
(Figure 4.15), as was found when using both immobilised Ps. putida and 
Bioseed.® However, resultant currents after mediator addition rose slightly slower 
than those in Figure 4.7 (Ps. putida based biosensors) and did not reach as high a 
current. The lower rapidity and magnitude of response of the activated sludge 
based sensors, when compared with the pure culture sensors, was not lmexpected. 
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Activated sludge, like Bioseed®, is a complex mixture of microorganisms. 
Currents were not as stable as for the immobilised Bioseed® since, unlike 
Bioseed®, there are not only bacterial species but also higher life forms present in 
the sludge which are unlikely to be involved in the technique of electron 
mediation. A high proportion of non-bacterial organisms on the electron surface 
would therefore both lower the magnitude of the current plus affect the rapidity of 
response to mediator addition. The problem is further compounded with the fact 
that many of the protozoan life forms within sludge graze upon the bacterial 
species. The currents generated after mediator addition, although slower to 
respond than the pure culture sensors, did reach an acceptable level of stability 
hence showed promise as the basis of an activated sludge based biosensor assay. 
Little difference in the levels and stability of the currents obtained were found 
between activated sludges from the different treatment works, although the 
currents from the sludge obtained from the Buckland Sewage Treatment Works 
were slightly lower than those from the more industrial sludges, probably as a 
consequence of the greater proportion ofnon-bacterial species. 
The concentration of 0.3 mM p-benzoquinone, with the substrate cocktail at 
10 mM, was most effective in monitoring the respiratory activity of activated 
sludge with respect to magnitude and stability of response. At these 
concentrations the results show that the immobilised mixed culture is fully 
saturated with mediator and substrates (Figure 4.16). As was observed when 
using Bioseed® as the biocatalyst, concentrations of p-benzoquinone higher than 
0.3 mM, particularly when the substrate concentration was 5 mM and below, 
caused a slight reduction in the current obtained. 
125 
l 
i 
... 

~4.0 
c -Q) 
L... 

L... 

::J() 3.0 
2.0 
1.0 
r 
o II I I 
o 600 1200 1800 2400 3000 3600 
Time Is 
Figure 4.15. Biosensor response after immobilising activated sludge within a filter sandwich. 
Sludge taken from Buckland Sewage Treatment Works, harvested after 2 d and held in 5 
mM glucose, sodium succinate and sodium lactate substrate cocktail. Stirred at 700 rpm. 
p-Benzoquinone (0.2 mM) was added between 580 and 590 s. 
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Figure 4.16. The response of activated sludge loaded to varying concentrations of respiratory 
substrate (glucose, sodium succinate and sodium lactate) and mediator (p-benzoquinone). 
o mM substrates (-8- ); 1 mM substrates (-B-); 5 mM substrates (-+- ); 10 mM 
substrates (_ ); 20 mM substrates (~ ). Activated sludge (harvested 2 dafter 
obtaining from Buckland Sewage Treatment Works) loaded within a filter sandwich. 
Stirred at 700 rpm. Data represent the mean from n = 3 replicates with the standard 
deviation. 
Toxicity studies employing activated sludge as the biocatalyst were therefore 
conducted as described by protocol B, using 2 day cultures diluted by a factor of 
1:2 (sludge: saline ) after harvesting, irnrnobilised within a filter sandwich with no 
extra filters, and mediated by OJ mM p-benzoquinone with 10 mM respira.tory 
substrates. 
I. 
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4.7 Effect of freeze-drying on biosensor response 
In order to construct a useful "off the shelf' diagnostic instrument it was felt 
important for the biosensors to be able to be stored in a preserved state, able to be 
regenerated when required. Also, preservation would allow many biosensors to be 
produced at random times whilst using the same, original culture. Also, for 
studies comparing the effects of toxicants and effluents on the biosensors it was , 
felt necessary to use those sensors which were loaded from the same bacterial 
batch. This would not be possible if the sensors were constructed using freshly 
grown bacterial cultures or activated sludge which had been recently collected 
from the sewage treatment works. 
The aims were therefore to detennine what effect the freeze-drying process had on 
the mediated response and its suitability as a preservation technique for extended 
storage. 
Initial preservation work was carried out on harvested suspensions, thus allowing 
rapid rehydration and immobilisation on an electrode. Results will indicate the 
effect that freeze-drying has on the mediated response, relative to sensors prepared 
using fresh suspensions. 
The ultimate aim is to freeze-dry complete biosensors which would only require a 
minimum amount of resuscitation prior to being employed in a toxicity assay. 
This "just add water" approach would enable the biosensors to be used rapidly and 
simply by non-skilled personnel 
The technique of preservation followed the method of Richardson (1991). After 
the final wash, cells were concentrated by combining 4 pellets (from 4 centrifuged 
1 ml cell suspensions), and resuspended in an aliquot (1 rnl) of the 
cryopreservative, sterile 5% meso-inositol in nutrient broth. The suspensions 
were allowed to stand at room temperature for 30 min after which they were 
transferred to freeze-drying vials and cooled from 200e down to -60°C, at a rate of 
10C min-!, then from -60oe to -120oe, at a rate of 200 e min-I. Finally, the vials 
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were dried in a vacuum dryer, at -40°C, overnight. Freeze-dried cells were 
resuscitated when required by resuspending in saline (0.85%) containing 
appropriate substrates. 
4.7.1 Effect of freeze-drying on the biosensor response from E. coli 
After preservation periods ranging from 1 day to 3 months, the freeze-dried 
cultures were resuspended using aliquots (400 Ill) of 5 mM substrate solution per 
freeze-drying vial. The resultant liquids were then immobilised as described in 
section 4.1. 
The stability and quality of the biosensor current was not affected by the length of 
time in the freeze-dried state (up to 3 months) although the freeze-drying process, 
irrespective of the length of time preserved, reduces the magnitude of the current. 
To compensate for this fall in metabolic activity, 10 III of the resuspended E. coli 
suspension was added to each of the filters of the filter sandwich, thus doubling 
the bacterial loading. Additional bacteria present caused a restoration towards the 
levels of current achieved previously. 
Toxicity studies employing previously freeze-dried E. coli as the biocatalyst, for 
purposes of comparison with biosensors using fresh E. coli, were therefore 
conducted as described by protocol B, using cultures immobilised on both filters 
of a filter sandwich with 2 extra filters added, and mediated by 5 mM potassium 
hexacyanoferrate (III) with 5 mM respiratory substrates. 
4.7.2 Effect of freeze-drying on the biosensor response from activated sludge 
Freeze-drying of activated sludge had not been attempted previously so the 
protocol used for E. coli was employed. 
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After preservation periods ranging from 1 day to 3 months, the freeze-dried 
cultures were resuspended using aliquots (400 Ill) of 10 mM substrate solution per 
freeze-drying vial. The resultant liquids were then immobilised as described in 
section 4.3.2. 
Results obtained with fresh and freeze-dried activated sludge were very similar in 
both respiration levels and sensitivity to toxicants. Since the procedure used for 
freeze-drying was developed specifically for bacterial preservation and would not 
favour the survival of other constituents of the sludge, the maintenance of 
response following preservation suggests that only the bacterial component was 
contributing to the biosensor signal. Microscopic investigation of the sludge 
following freeze drying confirmed that only the bacteria survived freeze-drying. 
As with E. coli, the stability and quality of the biosensor current was not affected 
by the length of time in the freeze-dried state (up to 3 months) although, as 
experienced for the E. coli biosensor, the magnitude of the current was reduced as 
a result of the freeze-drying process. To compensate for this fall in metabolic 
activity 10 III of the activated sludge suspension was added to each of the filters of 
the filter sandwich, thus doubling the bacterial loading. As before, the additional 
bacteria present resulted in a restoration towards the levels of current achieved 
previously although with the addition of the extra volume of sludge, securing the 
filter sandwich to the electrode, as described in section 2.4.1.2ii, was more 
demanding. 
Toxicity studies employing previously freeze-dried activated sludge as the 
biocatalyst, for purposes of comparison with biosensors using fresh activated 
sludge, were therefore conducted as described by protocol B, using cultures 
immobilised on both filters of a filter sandwich with no extra filters added, and 
mediated by 0.3 mMp-benzoquinone with 10 roM respiratory substrates. 
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4.8 	Conclusions 
.. 	 E. coli based biosensor bioassays were able to be used as a short-term static 
system and an optimum protocol was devised. Late-log/early stationary phase 
(6 h) cultures of E. coli, grown at 37 °e, were used and cultures were 
immobilised within a filter sandwich with 2 extra filters towards the bulk 
solution. Mediation was achieved by using 5 mM potassium hexacyanoferrate 
(III) with 5 mM respiratory substrates. Stirring rate was held at 700 rpm to 
ensure adequate circulation of the reduced and oxidised mediator. 
• 	 At present, up to 15 biosensors were able to be used together, enabling a high 
throughput oftoxicants and effluent samples. 
• 	 The technology and methodology was applicable to a range of other 
biocatalysts including both pure and mixed cultures. Indeed, Ps. putida, an 
organism employed in conventional toxicity testing, was found to be amenable 
to mediated amperometry as was the mixed microbial consortia of Bioseed® 
and activated sludges from three different sewage treatment plants. The 
important operational parameters for the creation of optimum protocols were: 
growth and harvesting regimes; substrate concentration; choice and 
concentration of mediator, and size of diffusion barrier (filter layer). Simple 
substrates were still able to stimulate complex consortia, albeit at higher 
concentrations generally (10 mM). 
• 	 Potassium hexacyanoferrate (III) was not suitable for mixed consortia or 
Ps. putida, causing the generation of unstable responses. For Ps. putida and 
mixed consortia, similar response profiles to those obtained for E. coli were 
obtained with p-benzoquinone (0.4 mM for Ps. putida, 0.3 mM for both 
Bioseed® and activated sludge biosensors). The lipophilic mediator p­
benzoquinone was more successful since it was able to access the reductant 
pool from within the cells. 
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• 	 The methodology of constructing activated sludge based biosensors was 
generic, allowing sludges from various sources to be employed as biocatalysts, 
enabling a sewage treatment plant to use its own sludge for relevant toxicity 
assessment. 
• 	 Pure and mixed cultures behaved similarly following the freeze-drying regime. 
This enabled bulk culture to be preserved to assess inter-batch reproducibility 
of mediated response on toxic challenge. 
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5 DEVELOPMENT OF METHODS OF ASSESSMENT OF 
TOXICITY 
5.1 Introduction 
It has been shown that the metabolic activity of single species and mixtures of 
species of bacteria can be monitored over a short period of time in a biosensor 
configuration (Chapter 4). To detennine whether the whole cell biosensors 
developed previously have a role to play in the assessment of toxicity of both pure 
and complex toxicants in a sample analysis based system, it is important to be able 
to detect toxic effects easily and rapidly, and quantify those effects in a consistent 
manner. 
In order to complement and/or compete with existing assays it was also 
considered important to develop a system of analysis which generates data that 
can be compared with established assays in order to detennine similarities in 
terms of sensitivity as well as rapidity and ease ofuse. 
5.2 Effect of exposure to toxicants on the biosensor response 
Biosensor electrodes were assembled as described in Chapter 4 incorporating the 
chosen biocatalyst. This process took about 1 min lelectrode. Once 15 biosensors 
were constructed and were placed into vials containing respiratory substrates, the 
biosensors were allowed to stabilise for a period of around 10-15 min, after which 
time the electron mediator was added. After a further period of 10-15 min, a 
period to allow for the generation of a useful stable current, toxicants were added 
as a fixed volume of a concentrated, stock solution. For effluent studies, the 
effluent was prepared by the addition of a suitable volume of mediator to result in 
a mediator concentration equal to that of the vial prior to effluent addition. 
Effluent was then added to the vial as a percentage of the total volume. This 
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procedure was carried out for up to 50% effluent addition. For higher effluent 
concentrations, vials were prepared with substrates, effluent and mediator to the 
appropriate concentrations, and sensors which had previously been bathing in 
toxic-free conditions were added to the test vials. For controls, the same volume 
of a substrate and mediator mixture was added to the vial. 
The current after toxicant/effluent addition was monitored for at least 30 min. The 
computer linked to the biosensor system recorded the reduction in current generated 
at 4 s intervals between the time of addition of toxicant and the termination of 
measurement. 
A reduction in biosensor signal as a result of the addition of a toxicant reflects the 
decline in levels of cellular reductant able to participate in electron flux between 
the cell and the electrode. The biosensor therefore monitors the effect of toxicants 
on the metabolic status of the cell, since the levels of reductant and electron 
transfer are central to the cells energy requirements and provide the energy to 
drive most cellular metabolic processes. 
, 
The addition of 3,5-DCP to an E. coli biosensor caused a rapid reduction in the 
current (Figure 5.1). The slight reduction in current over time seen in the control 
was a consequence of the presence of the electron mediator acting as an energy 
drain on the cell. The gradual reduction of current over time seen in the control is 
to be expected, as the interrogation process reduces the ability of the cell to 
generate the energy needed to drive biosynthetic processes (Turner et al., 1983). 
The highest concentration of 3,5-DCP shown (100 mg 1-1) resulted in a reduction 
in current to almost the base line (the level prior to the addition of mediator) level. 
Alternatively, the addition of 10 mg 1-1, after initially causing a rapid fall in 
current, resulted in the current reaching a threshold and levelling off. After 2500 s 
the current after the addition of 10 mg 1"1 toxicant, although smaller than the 
current from the control, decreased at the same rate. The inhibition of biosensor 
signal was proportional to the concentration of 3,5-DCP used, both in magnitude 
and in the rate of reduction of response.I, 
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Figure 5.1. Effect of 3,5-DCP on the metabolic status of an E. coli biosensor. The Figure shows 
the reduction in signal after the addition (between l350 and 1400 s) of 3,5-DCP 
(concentrations labelled above traces). 
5.3 A method of improving biosensor responses to identify toxic effects 
From development work described in Chapter 4, the stable currents obtained from 
the biosensors varied in magnitude from sensor to sensor, sometimes by more 
than 1 /lA, even in those biosensors loaded with a single bacterial species from the 
same culture. The differences in current magnitudes between the biosensors 
makes distinguishing between the effects caused by the addition of varying 
concentrations of toxicants very difficult. This is illustrated in Figure 5.2, which 
shows the effect of the addition of varying concentrations of the complex 
chemical formulation Synprolan to a number ofPs. putida loaded biosensors. 
It was often difficult to determine the inhibition of one biosensor relative to 
another, hence there is a real need to devise a system of representation that makes 
comparisons more straightforward. I, 
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Figure 5.2. Biosensor response of Ps. putida. The figure shows the effect of the addition of 
varying concentrations of Synprolan (added between 1410 and 1460 s), a toxicant 
formulation, to the biosensors. Note the difficulty in visually determining the relative 
effects after the addition of the toxicant. 
Although very similar cell loadings of electrodes are achieved it is difficult to get 
exactly equal numbers, particularly so for those sensors loaded with activated 
sludge, even if following fixed harvesting and immobilisation protocols. 
However, the differences in current magnitude obtained were not felt to be solely 
I 
due to a biological effect, rather the differences were probably due to a number of 
I 	 factors: 
• 	 Inherent differences in loading due to operator/pipette errors. 
• 	 The bacteria are held simply by entrapment and not by any form of permanent 
binding hence loss of bacteria from the electrode to the bathing solution, as 
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well as differences in the bacterial loading, resulting in variation in the levels of 
current between biosensors (Richardson, 1991). 
• 	 Bacterial distribution and physical orientation on the electrode surface will 
have an effect on both the magnitude and the profile of the current (Haggett, 
1995). 
• 	 Differences in the magnitude of current may be due to physical variations of 
the carbon graphite surfaces that exist between the electrodes. 
Although relatively homogenous in quality, subtle differences existed between the 
quality of carbon graphite deposition on the electrode working surfaces. It was 
noted by close visual analysis that variations in the levels of compaction of the 
carbon graphite, from dull (less compact) to burnished (more compact), existed 
between the electrodes. On electrodes that do not possess perfectly smooth 
surfaces, such as those on which scratches or carbon granules were present, subtle 
variations in the amount of contact between the immobilised bacteria and the 
electrode surface will occur, thus reSUlting in slight variations in electron flux 
between the bacteria and the electrode, therefore resulting in variations in the 
magnitude of the current. 
In order to investigate this theory, work was conducted using platinum electrodes 
which have a near perfect working surface. Much smaller variations in the current 
heights between biosensors loaded from the same batch were indeed seen when 
platinum electrodes were used, as compared with the carbon graphite based 
biosensors. Whilst platinum electrodes could not be used as the basis for a cheap 
assay, their use shows that the intra-batch differences in the magnitude of response 
encountered when using the carbon graphite based sensors is also due in part to 
the nature of the electrode surface, as well as differences inherently manifested 
during harvesting and immobilisation procedures. 
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Since the variations in magnitude of the stable current was not solely a biological 
affect, variations in the current magnitude were counteracted by applying the 
mathematical procedure of normalising which allowed easier appreciation and 
ultimately quantification of the effects of toxicants. 
Figure 5.3 shows the effect of normalising data obtained from exposing E. coli 
biosensors to 3,5-DCP, and illustrates that the procedure enables a clearer 
interpretation of the effects of a toxicant on the cells. 
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Figure 5.3. Effect of 3,5-DCP on the metabolic status of E. coli in a biosensor configuration. 
Figure shows how the process of normalisation makes interpretation of the data easier. 
The first arrow in the lower trace marks the point of addition of potassium 
hexacyanoferrate (III) and the second arrow marks the point of toxicant addition and 
point of normalisation of signals. 
Normalisation of the biosensor responses, at the point oftoxicantlcontrol addition, 
allows differences between individual sensors to be taken into account, without 
compromising the relative responses to toxic challenge. Nonnalising therefore 
brings the currents from all the electrodes to a common level making small 
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differences, such as subtle inhibition or stimulat' f b' .Ion 0 lOsensor response easIer to 
detect (Figure 5.4). 
Normalising was achieved using the formula: 
itn / J.lA 
== normalised current ita / J.lA 
ltn = current at time n 
ita = current at time of toxicant addition 
The normalised current at the point of toxicant addition was therefore given a 
dimensionless value of 1, or 0% inhibited. 
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Figure 5.4. Nonnalised data of the effect 3,5-DCP on the metabolic status of Newton Abbot 
activated sludge immobilised in a biosensor configuration. Varying concentrations of 
toxicant (concentrations shown alongside traces) were added between 1490 and 1500 s. 
Note the easily visualised increase in metabolic level after the addition of 1 mg }"I 3,5­
DCP. 
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Although the toxic effects are apparent in these graphical presentations, it is 
important to be able to quantify the effects in order to generate data which can 
then be compared with those from existing toxicity assays in order to validate the 
biosensors as useful toxicity tools. 
5.4 Quantification of toxic effects 
5.4.1 Introduction 
The 4 biocatalysts used, E. coli, Ps. putida, Bioseed® and activated sludge 
obtained from the Buckland Sewage Treatment Works, Newton Abbot, were 
harvested, immobilised and monitored as described in Chapter 4. The effects of 
3,5-DCP, Synprolan, Polyhexanide and Proxel paste and 22 site and process 
effluents from a herbicide production plant, were assessed as described in 
protocol B. Each concentration of toxicant was repeated at least three times on at 
least three separate occasions. 
Since the current was recorded every 4 s and monitoring was conducted for up to 
1 h, the addition of error bars to the mean value of combined traces was therefore 
not shown on the Figures due to the high numbers of intimately associated data 
points. The effects of the selected toxicants on the biocatalysts immobilised on 
the biosensor are therefore either represented by the mean of 3 traces or by an 
example trace, and quantification of the effects is achieved as described. 
5.4.2 Quantification of toxic effects by direct measurement of inhibition of 
magnitude of current 
Since the decline of response with time after toxicant addition was generally non­
linear, regression, as used classically in the detennination of respiration rates in 
respiration inhibition tests (such as the Brixham activated sludge respiration 
inhibition assay described in section 3.3 .1.1), was not practical. In earlier studies, 
inhibition was simply calculated as the difference between the level of current 
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generated by the control biosensor with that of the test biosensors, 30 min after the 
addition of the potential toxicant. ECso (30 min) values were calculated by plotting % 
inhibition relative to the control, against concentration. At least 3 biosensors were 
used per toxicant/effluent concentration. 
The sensitivity of the biosensor assay was generally not as high as comparable tests 
which generated ECso values (Table 5.1). Poor sensitivity, relative to the 
conventional assays, may be as a result of the sensing organisms being immobilised 
in a tightly packed configuration, thus reducing the cellular area with which the 
toxicant interacts and resulting in some bacteria not being exposed to the toxicant. It 
may also be that the organisms used on the biosensors are inherently less sensitive 
than organisms used in the other tests, e.g., P. phosphoreum used in Microtox®. 
Test ECsoof 95% confidence 
3,5-DCP (mg 1-1) limits 
Lower Upper 
Cell Multiplication inhibition; 

Ps. putida: 10.0 8.0 12.1 

E. coli: 9.3 7.1 11.9 
Activated sludge respiration inhibition; 5.5 4.3 7.4 
Brixham method 
Activated sludge nitrification 3.0 2.0 7.9 
inhibition 
2.5Microtox® 2.2 2.1 
E. coli biosensor 26.5 16.8 32.4 
Ps. putida biosensor 28.0 21.2 40.8 
25.2 39.8Bioseed® biosensor 29.5 
Act.sludge biosensor 20.5 16.0 28.3 
Table 5.1. Comparison of the toxicity of 3,5-DCP assessed by a number of conventional tests, 
(Chapter 3), with biosensors loaded with both single and mixtures of species. Biosensor 
Be . values calculated as the difference between the current generated by the 50 (30 min) 
control biosensor and that of the test biosensor, 30 min after toxicant addition. 
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The biosensor EC . valu bt· d £ h .50 (30 mm) es 0 ame or t e complex toxIcant formulations , 
Synprolan and Polyhexanide, correlate to some degree with those data obtained 
from using conventional microbial toxicity assays (Table 5.2). For example, 
results from the mixed culture biosensors exhibited much less sensitivity than the 
single species biosensors, a pattern similarly found in the conventional tests 
(Chapter 3). However, the biosensors 
appropriate standard tests. 
Test 
Cell Multiplication inhibition; 
Ps. putida: 
E. coli: 
Activated sludge respiration inhibition; 

Brixham method 

Activated sludge nitrification inhibition 

Microtox® 

E. coli Biosensors 

Ps. putida Biosensors 

Bioseed® Biosensors 

Activated sludge Biosensors 

are generally less sensitive than the 
Synprolan 
EC50 (30 min) (mg tl) 
0.8 (0.2 - 1.9) 
0.7 (0.2 - 1.7) 
110 (81 - 168) 
50 (38 - 69) 
0.3 (OJ - 0.4) 
12.5 (8.3 - 16.3) 
15.0 (8.1 - 22.5) 
560 (390 - 1100) 
140 (90 - 215) 
Polyhexanide 

ECso (30 min) (mg 1-1) 

0.3 (0.3 - 0.4) 
OJ (0.3 - 0.4) 
210 (154 - 301) 
730 (560 - 1400) 
3.6 (3.0 - 4.2) 
6.0 (4.1 - 9.0) 
6.0 (3.9 - 9.5) 
>1000 
280 (190 - 570) 
Table 5.2. Comparison of toxicity of Synprolan and Polyhexanide assessed using conventional tests 
described and used in Chapter 3. Biosensor values calculated as the difference between the 
current generated by the control biosensor and that of the test biosensor, 30 min after the 
addition of the potential toxicant. Numbers in brackets represent the lower and upper 95% 
confidence limits. 
Toxicity data of Proxel paste are not included in Table 5.2 due to problems 
associated with testing this toxicant using the biosensor technique. The addition 
of Proxel paste caused a rapid and sudden rise in the biosensor response (Figure 
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5.5). Figure 5.6 shows the response after the addition of Proxel paste to 
biosensors on which there are no bacteria immobilised and no mediator is present. 
The data presented clearly show that Proxel paste is electrochemically active, 
generating a current by oxidation at the electrode surface, and the effect is dose 
responsive with large currents produced at 1000 and 100 mg t' . 
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Figure 5.5. Effect of Proxel paste on the metabolic status of a 6 h culture of E. coli immobilised 
on a screen printed, carbon graphite electrode, biosensor. Potassium hexacyanoferrate 
(III) added between 210 and 250 s. Arrow marks the point of addition of varying 
concentrations ofProxel paste (concentrations shown alongside traces). 
Due to these difficulties in assessing the effect of Proxel paste using the biosensor 
technique it was not considered in the comparative testing. Problems associated 
with testing electrochemically active samples will be discussed later. 
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Figure 5.6. Effect of Proxel paste on the baseline current generated from a carbon graphite 
electrode poised at 550 mV against a AglAgCI reference electrode. Varying 
concentrations of Proxel paste added between 1075 and 1200 s (concentrations shown 
above traces) in the absence of mediator and bacteria. 
Whilst it has been shown that biosensor response to toxic challenge most 
commonly takes the fonn of a suppression of metabolic activity related to the 
concentration of the toxicant, stimulation of metabolism is seen when (i) the 
toxicant acts as a metabolic uncoupler, (ii) the sample is treated as a food source 
(more usual for an effluent), (iii) the toxicant is metabolically active, or (iv) the 
toxicant concentration is very low allowing the biocatalyst to cOWlter the toxic 
challenge by increasing its metabolic rate. Whilst the latter may result in an 1 
~ increased biosensor response that is sustained for a long period, as seen when 
i 
activated sludge is exposed to 1 mg 1"1 3,5-DCP (Figure 5.4), the apparent i 
stimulatory effect of metabolic Wlcouplers is rarely sustained and is quickly I 
replaced with a marked inhibition relative to the controls. 
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Conventional toxicological tests record effects of toxicants after fixed time intervals
, 
such as 15 min, 48 h or 96 h, during which the test organisms are in contact with the 
test toxicant. The selection of a fixed time point for the measurement of inhibition 
relative to the control and subsequent calculation of ECso (time) may not be the best 
measure of toxicity for the biosensor protocol, indeed ECso may not even be the best 
description of toxicity assessment. Toxicity is measured as one of a number of 
different effects ranging from death to changes in some activity of the organism 
(e.g., motility or luminescence). Although these differences are recognised they are 
only recorded as one of a number of different terms, including lethal concentration 
(LC), inhibitory concentration (IC), or effect concentration (EC) for a 10% andJor 
50% change after a chosen time. 
The exposure period of 30 min was chosen to provide toxicity data rapidly, for 
user acceptability, and to allow sufficient time for endpoint toxicity's to be 
reached. However, results suggest a declining response following this period, 
hence this exposure time may not be sufficient for those toxicants, particularly 
complex chemical formulations, to reach their endpoint toxicity's and exert their 
full toxic effects. The biosensor may therefore appear less sensitive than other 
bioassays as a result of an inadequate exposure time rather than actual sensitivity 
of the biocatalyst for certain toxicants. This could also be said for other rapid 
assays which also do not have a linear inhibitory response. 
Investigations were therefore carried out into alternative methods of calculation of 
toxicity, which may improve upon the sensitivity of the biosensor method, based 
upon assessment of maximum rate of inhibition, and also a predictive technique 
which uses both magnitude and rate of inhibition to assess toxicity. 
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5.4.3 Assessment of toxicity by measurement of maximum rates of inhibition of 
current 
Figure 5.7 illustrates the difficulties in measuring toxicity when using inhibition 
of current after a certain exposure time as the means of assessment. At exposure 
period 1, toxicant concentrations (a), (b) and (c) are seen to cause different 
perturbations in current, suggesting that the concentrations vary in toxicity from 
(a) (most toxic) to (c) (least toxic). However, at exposure period 3 the inhibition 
of current for all three concentrations is the same which would suggest, if this 
exposure period was chosen as the point at which to assess toxicity, that the 
concentrations have an equal inhibitory effect. Also, the perturbation in current 
seen at exposure period 2 suggests that concentrations (a) and (b) have a similar 
toxicity but concentration ( c) appears less toxic. 
A recent paper by Haggett (1994) used a model to describe a toxicity test based 
upon whole cell mediated amperometry. The inhibition was calculated by 
measuring differences in the magnitude of the current, relative to a control, in 
order to obtain infonnation pertinent to the actual toxicity of the sample. The data 
from the model indicated the need for careful interpretation of such toxicity 
measurements since the apparent inhibition can be a function of sensor and 
measurement parameters, such as time after addition of toxicant, as well as due to 
depression of metabolic activity. 
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Figure 5.7. Effect of varying concentrations of toxicant on the rate of reduction of current. 
Toxicant concentrations (a), (b) and (c) give different toxicity results depending upon 
which period of exposure, 1, 2 or 3, is chosen. 
Since the time taken to reach threshold toxicity varies depending upon the nature 
of the toxicant, it is extremely difficult to select an exposure period which would 
allow for all chemicals to reach their toxicity endpoint and for the biosensor assay 
to maintain its advantage of rapidity. It was therefore felt that although the 
EC50 (30min) determination of the inhibition of magnitude of current is useful, 
partiCUlarly for comparative purposes, it may not be the best means by which to 
assess toxicity when using biosensors. 
In Figures 5.1 and 5.2, it was observed that the addition of a toxicant caused an 
almost immediate reduction in the biosensor signal. As stated, the inhibition of 
biosensor signal both in magnitude and in rate of decline of current was seen to be 
proportional to the concentration of toxicant. The higher the concentration of the 
toxicant, pure chemical or a chemical formulation, the greater the rate of reduction 
of current. It was also seen from these graphical presentations that the slope 
obtained from all concentrations of toxicants was non-linear and the maximum 
rate of reduction of current, i.e., the steepest point on the slope, always appeared 
to be within 300 s after the addition of the toxicant. Any toxicity assessment 
procedure using the maximum rate of inhibition of current as the measured 
> 
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parameter would therefore be achieved extremely quickly. It was also noted that 
the maximum rate of reduction of current was proportional to the toxicant 
concentration, with higher toxicant concentrations inflicting their maximum rates 
of decline sooner than observed for lower concentrations, although maximum 
rates for all concentrations always seemed to be established within 300 s. 
5.4.3.1 Measurement ofmaximum rate ofinhibition ofbiosensor signalfollowing 

exposure to toxicant 

To determine the maximum rate of inhibition of signal, the data 300 s before and 
600 s after toxicant addition were differentiated using a mathematical software, 
McKbd (Imperial College, London). Using this package, it was possible to 
differentiate the data in relation to the previous 25 points, with respect to time, and 
then plot the differentiated data, (0 if 8 t) /~A S·l, against time. The most 
negative value of (8 if 0 t) after the addition of a toxicant was therefore the 
maximum rate of inhibition of current, (8 if() t) max' for the toxicant concentration 
used (Figure 5.8). The time taken for the maximum rate of inhibition of current to 
be achieved after the toxicant addition was found to be between 100 and 300 s and 
shown to correlate with the toxicant concentration as discussed previously. 
In order to overcome problems associated with the inevitable electronic noise, 
signal anomalies and slight discrepancies in signal after toxicant addition, which 
would give false results during differentiation, the raw data were smoothed using a 
Savitzky-Golay digital smoothing filter (Savitzky & Golay, 1964) incorporated 
within the data acquisition software, LabTech Notebook. The smoothing 
technique essentially used 5 point moving window averaging to remove anomalies 
in the data, in order to find the maximum rate of inhibition. 
After smoothing, values of (0 if 8 t) max for the toxicants 3,5-DCP, Synprolan, 
Polyhexanide, were calculated using McKbd and plotted against toxicant 
concentration. 
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Figure 5.8. Conversion of absolute biosensor response into the maximum rate of inhibition. The 
Figure shows the point and the value of the maximum rate of inhibition of current (i). 
The differentials are calculated with reference to the previous 25 points. 
t A positive value of the maximum rate of inhibition, (0 if0 t)max' is an indication 
I that the biosensor has been stimulated by the presence of the toxicant, whereas a 
I value of zero shows that the biosensor is unaffected. A negative value indicates that the biosensor has been inhibited to some degree, and the magnitude of the 
I. negative value of (0 if0 t)max. is proportional to the degree of inhibition. Hence a 
I large negative value for a toxicant concentration indicates a high rate of inhibition. The maximum rate of inhibition of signal from an E. coli loaded biosensor I following exposure to 3,5-DCP was assessed. The data shown were obtained 
i from between 100 and 300 seconds after the addition of equal volumes of varying concentrations of toxicant. Each concentration of3,5-DCP was tested in triplicate 
i (Figure 5.9). 
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Figure 5.9. Maximum rate of inhibition of signal from an E. coli loaded biosensor following 
exposure to 3,5-DCP. Data represent the mean of n = 3 replicates with standard 
deviation. 
Figure 5.9 shows that at 0 and 1 mg r1 3,5-DCP there are slightly positive 
(0 i/o t)max values, indicating that E. coli immobilised on the biosensor are 
slightly stimulated. At 5 and 10 mg 1-1 3,5-DCP the (8 i/o t)max values are very 
similar, at about -0.040 JlA s-l, thus revealing that these concentrations exhibit the 
same initial inhibitory response to E. coli. The maximum rates of inhibition 
become more negative as the concentration of 3,5-DCP increases, with 50 mg t 1 
causing a (0 i/o t)max value of -0.27 JlA s'l, therefore showing that after the 
addition of this concentration of 3,5-DCP the rate of decline of biosensor signal 
was about 6x as great as the rate of decline caused by the addition of 10 mg 1-1 
(Table 5.3). 
The toxicity due to Synprolan followed a similar pattern to that seen for 3,5-DCP, 
i.e., an increased concentration of Synprolan resulted in a more negative value of 
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(8 i/8 t)max (Figure 5.10). The control (0 i/o t)max was slightly negative, 
illustrating a slight decrease in metabolic activity over the duration of the 
experiment. At 5 mg 1-1 Synprolan the (8 if0 t)max value was -0.031 !-LA s-l, a 
similar inhibitory response as 5 mg tl 3,5-DCP. Compared to data obtained for 
3,5-DCP, the maximum rates of inhibition became relatively more negative as the 
concentration increased, with 15 mg tl causing a (0 i/o t)max value of 
-0.14 /-LA S-1 (an estimated -0.060 !-LA S-I for 3,5-DCP), and 30 mg tl causing a 
(8 i/8 t)max value of -0.29 j.lA S-I (estimated -0.16!-LA S-I for 3,5-DCP). 
Synprolan therefore exerted a similar toxicity as 3,5-DCP at the lower 
concentrations, but became relatively more toxic at the higher concentrations 
(Table 5.3). 
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The maxI·mum rates of inhibition of biosensor signal after the addition of varyingFigure 5.10. 
concentrations of Synprolan. Data represent the mean of n = 3 replicates with standard 
deviation. 
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Results show that Polyhex ·d . t . . 
both 3,5-DCP and Synprolan, and it reaches a threshold concentration, i.e.; that 
concentration after which additional toxicant has little extra toxic effect, at a 
concentration of around 10 mg I-I (Figure 5.11). At 1 mg I-I Polyhexanide the 
(0' i/O' t)max value is -0.033 IlA s-l, at 10 mg/l the (0' i/O' t)max is -0.279IlA s-l, 
and at 30 mg 1"1 the (8 i/O' t)max is -0.309 IlA S-I (Table 5.3). 
am e IS OXIC to E. coh at lower concentrations than 
x 0.100 
ro 
E
-­
...... 
"0
:-:::: 0.000"0 
---­
-0.100 
-0.200 
-0.300 
40 50o 	 10 20 30 
[polyhexanide] Img 1-1 
Figure 5.11. The maximum rates of inhibition of biosensor signal after the addition of varying 
concentrations of Po1yhexanide. Data represent the mean of n = 3 replicates with standard 
deviation. 
As a method of toxicity assessment, the measurement of the maximum rate of 
inhibition of current is useful in that it has the potential of generating toxicity data 
within a short period of time, and thus would not be dependent on lengthy 
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exposure times to allow samples to be ranked in order of toxicity. However, it is 
difficult to compare these data with traditional assays which use ECso as a means 
of assessment. 
(8 if8 t)max f~A S·l values for E. coli biosensors 
[Toxicant] fmg 1-1 3,5-DCP Synprolan Polyhexanide 
0 +0.018 (±0.007) -0.010 (±0.018) +0.009 (±0.018) 
1 +0.016 (±0.017) -0.033 (±0.019) 
5 -0.039 (±0.007) -0.031 (±0.020) 
10 -0.040 (±0.010) -0.279 (±0.029) 
15 -0.141 (±0.030) 
20 -0.075 (±0.02l) 
30 -0.292 (±0.031) -0.309 (±0.038) 
50 -0.270 (±0.040) 
Table 5.3. The maximum rate of inhibition of current ((8 i/o t)max) values for E. coli 
biosensors after the exposure of various concentrations of 3 toxicants. Numbers in 
brackets show the standard deviation of n =3 replicates. 
The shorter exposure period between the toxicant and the biocatalyst may enable 
the biosensors to recover from a discrete pulse of toxicant if in a flow through 
system, providing that there is a recovery regime following exposure. Obviously, 
severe inhibition would require replacement of the sensor, but this potential 
application may be of great use in a situation in which the biosensor is in contact 
with a continuous aquatic flow in which there are intermittent doses of toxicants, 
such as in an effluent stream. 
This method of toxicity assessment may therefore have a role to play in situations 
where an absolute value oftoxicity is not required, rather a indication of whether a 
chemical or an environment is toxic to the species used on the biosensor. It is, 
however, not a suitable method for a sample analysis based toxicity assay due to 
its lack of comparability with existing assays. 
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5.4.4. Use of a mathematical model for the assessment of toxicity 
Previous work showed that the sensitivity of the biosensor technique to toxicants 
was generally lower than established assays (Tables 5.1 and 5.2). The issue of 
sensitivity was addressed by constructing an empirical mathematical model in 
which the magnitude and the rate of the biosensor response to toxicant exposure 
was fitted to a hyperbola. 
As stated, it was felt that the inhibition of magnitude of biosensor signal, after an 
arbitrarily set time period of 30 min for the calculation of an EC50, may not be the 
best, or most informative way to measure sub-lethal toxicity. Although this 
method of toxicity assessment was primarily developed for conventional 
toxicological tests which use death as an end-point, this technique has been 
adopted for conventional tests which measure sub-lethal effects in order to 
determine IC50 (inhibitory concentration) or EC50 (effect concentration) values. 
However, these tests provide easily observable threshold limits such as motility or 
biomass production. 
Toxicity data from the biosensor are obtained continuously over the duration of 
the test (1 h). From preliminary work it was apparent from the data that in some 
cases the toxicant had exerted its full effect within the time-frame of the test, and 
in other cases its effects were still being exerted. It was therefore felt to be 
inappropriate to choose a specific time period as the means of assessing and 
comparing toxicity since different toxicants caused different inhi.bitory profiles. A 
more predictive approach was therefore required in order to extrapolate the data to 
a genuine end-point, which may have been beyond the time-frame of the test. 
In collaboration with the Sensor Research Group at the University of Luton, a 
mathematical model was constructed based upon Michaelis-Menten kinetics 
which fitted data to a hyperbolic curve. The model used the whole of the 
available data, or a user-defined subset of it, rather than an arbitrary value, and 
allowed the long term inhibition to be predicted from the short term response. 
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The technique was applied through Microsoft Excel and resolved using Excel's 
iterative Solver application. Data were transferred from Notebook to Excel and 
the model was applied. The model used a number of variables such as time of 
addition, maximum inhibition and curvature in order to fit a hyperbolic curve to 
the raw data after toxicant addition. Solver was used to optimise the fit between 
the raw data and the data generated by the simple mathematical procedure, 
allowing the extrapolation of the fitted curve to an endpoint at time infinity, thus 
enabling prediction of ultimate inhibition beyond the time constraints of the test. 
Preliminary results of applying the technique to toxicity data following exposure 
of E. coli biosensors to 3,5-DCP showed the method to be promising, bringing the 
sensitivity of the biosensors in line with conventional tests (Figures 5.12 and 
5.13). 
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Figure 5.12. Application of hyperbolic curve model on the data obtained from an E. coli biosensor 
following exposure to 3,5-DCP. Dashed lines fitted to the biosensor responses, after 
exposure to 10, 30 and 50 mg 1-1 3,5-DCP, are generated by the model and the rate and 
magnitude of decline profiles are used to predict ultimate toxicity. 
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Following exposure of E. coli biosensors to 3,S-DCP, % inhibition was calculated 
relative to the control and used to generate a dose response curve and hence 
determine an EC50 value (Figure S.l3). Processing the exposure data of 3,S-DCP 
to E. coli biosensors through the model resulted in an EC50 of 88m• g,1.1 compared 
with 26.S mg 1-1 achieved using inhibition of magnitude of current as the means of 
assessment. 
100101 
Concentration (mg 1-1) 
Figure 5.13 The inhibition of magnitude of an E. coli based biosensor signal, determined from a 
mathematical model, after the exposure to varying concentrations of 3,5-DCP. An ECso 
value of 8.8 mg 1-1 is determined using the Brixham Environmental Laboratory ECso 
program. The data represent the mean of n =3 replicates with standard deviation. 
By processing the raw biosensor data through the model it was clear that not only 
were improvements in the sensitivity of the test generally achieved, the system 
was easy to use and gave results which were not as dependent upon exposure time 
as other methods investigated. All subsequent toxicity assessments from the 
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biosensor data were therefore calculated using this technique and are described in 
Chapter 6. 
5.5 Conclusions 
• 	 From preliminary work it was shown that single species and mixed species 
biosensors respond to the addition of both standard toxicants and complex 
toxicant formulations. 
• 	 Proxel paste was determined to be electrochemically active and thus was 
unable to be assessed using the biosensor approach. 
• 	 The presence of a toxic sample or indeed a stimulatory sample was easily seen 
after the biosensor responses were normalised relative to the control. 
• 	 Assessing toxicity by simply measuring the difference in magnitude of the 
biosensor response relative to the control, 30 min after toxicant addition, 
resulted in ECso (30 min) data higher than those achieved using standard assays, 
indicating that the biosensors were less sensitive. 
• 	 Assessment of maximum rate of inhibition after toxicant addition showed 
potential as a method of assessing for the presence of a toxicant in a 
continuous flow system. However, the data from this method did not generate 
ECso values and so were unable to be compared with existing assays. 
• 	 It was apparent that responses to toxicant addition were not generally achieved 
within the time-frame of the test. A mathematical model which employed both 
magnitude and rate as measurement parameters, was therefore constructed 
which allowed the long term inhibition to be predicted from the short term 
response. 
• 	 The model could be easily applied to the biosensor data, and ECso values 
obtained for standard toxicants were of a similar level to those achieved in the 
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standard tests. All future toxicity assessments from the biosensor were 
therefore calculated using this technique. 
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-6 APPLICATION OF BIOSENSOR ASSAY TO TOXICITY 
ASSESSMENT 
6.1 Introduction 
Preliminary use of the mathematical model to quantify the inhibition due to 
toxicants was successful in terms of sensitivity, ease of use and accuracy, and it 
allowed the long term inhibition to be predicted even if a threshold value was not 
obtained within the time-frame of the test. The function was therefore applied to 
all biosensor data from 3,5-DCP, Synprolan and Polyhexanide in order to generate 
EC so values, determined using the Brixham Environmental laboratory ECso 
program, and to allow for comparisons to be made between the biosensor assays 
and standard tests. 
It is important to determine whether the biosensors are able to assess the toxicity 
of complex environmental samples. The envisaged application of the activated 
sludge biosensor is in the wastewater treatment environment, playing a role in 
activated sludge plant protection by assessing the toxicity of industrial effluents, 
with validity, prior to their introduction into the plant. The E. coli biosensor was 
not conceived as a method of protecting environments from toxic effluents. 
However, since the Microtox® test has been suggested as a means to monitor the 
toxicity of an effluent, the use of the E. coli biosensor is justified. 
The biosensors (activated sludge plus the Ps. putida and model E. coli biosensors) 
were therefore used in blind testing of a range of industrial effluents in parallel 
with Microtox® and activated sludge respiration inhibition. 
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6.2 Effect of selected toxicants on biosensors with single bacterial species as 
the biocatalysts 
When investigating the effects of toxicants on E. coli biosensors, results were 
obtained using freeze-dried E. coli. Freeze-drying has been reported to sensitise 
bacteria to chemical stress (Bitton et al., 1988) although in this study there was 
found to be no significant difference between the results obtained from fresh cells 
with those from freeze-dried cells (Table 6.2). Also, the freeze-dried cells were 
easier and faster to prepare and would lend themselves better to an "off the shelf' 
assay. 
The addition of various toxicants and effluents to biosensors loaded with 
Ps. putida caused inhibitory responses similar to biosensors loaded with E. coli in 
that the responses were dose responsive both in magnitude and in rate of decline 
of current. Also, the mathematical model appeared to be successful, generating 
ECso values lower than those obtained from measuring and comparing the 
inhibition ofmagnitude of current (Table 6.2). 
Figures 6.1 to 6.5 show examples of the effects of the addition of toxicants to 
single species biosensors. As in Chapter 5, section 5.3.2, comparisons of the ECso 
values obtained from 3,5-DCP, Synprolan and Polyhexanide and also a number of 
industrial site and process effluents using biosensors were made with those 
obtained from established assays (Tables 6.2 and 6.3). 
The addition of the chemical formulation Synprolan to the E. coli biosensor 
caused the current to decrease at a rate and magnitude proportional to the 
concentration (Figure 6.1). The concentration of 5 mg 1.1 was sufficiently toxic to 
reduce the current to a level significantly lower than the control. Notable dips in 
response were seen after addition of the control (substrates with mediator) and the 
15 mg rl and 30 mg I-I concentrations. Sudden dips, followed by a period of 
unsustained recovery may be as a result of the immobilised organisms, after 
receiving a toxic shock, raising their metabolic rate in order to combat the 
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introduction of the toxicant. An inability to maintain this increased rate would 
ultimately result in inhibition. However, it was also observed that during these 
additions the forceful injection of the liquid disturbed the stir bar and caused it to 
deviate off the central axis for approximately 200 s, resulting in a short period of 
inadequate mixing. This was not the case for the sensor which received 5 mg I-I. 
The dips in response over this period could therefore be artefacts associated with 
sample addition and increased care was taken with subsequent investigations. 
The addition of Synprolan to Ps. putida also initially resulted in dips in biosensor 
response, followed by a slight rise which ultimately led to a gradual reduction in 
the response (Figure 6.2). 
It appears that Synprolan, after an initial toxic shock, induces the bacteria to raise 
their metabolic rate in order to overcome the toxic effects of the Synprolan. The 
bacteria are unable to maintain this rate, possibly due to inadequate levels of 
substrates, leading therefore to inhibition. 
An ECso value of 9.S mg 1,1 was obtained for the E. coli biosensor (compared to 
12.5 mg 1'1 when using inhibition of magnitude as the measurement criteria) when 
applying and fitting the mathematical model to the data following toxicant 
exposure (Table 6.2). An ECso value for the Ps. putida biosensor was determined 
to be 10.0 mg 1'1 which was also lower than previously obtained (15.0 mg 1'1) but 
still 2 orders of magnitude less sensitive than the cell multiplication inhibition 
assay described in Chapter 3. These values imply that the biosensor technique 
remains significantly less sensitive than the methods described previously for the 
other single species tests (Table 3.1), for example the ECso value determined using 
Microtox® is 0.3 mg }'I; and using the E. coli cell multiplication inhibition assay it 
isO.7mgl"l. 
162 

..... 
30 mg/l 
1.2 
..... 
c: 
~ 
::l 1 
U 
~ 0.8co 
E 
0 
z 0.6 
0.4 
0.2 
0 
0 500 1000 1500 2000 2500 3000 3500 4000 
Time Is 
Figure 6.1. Effect of Synprolan on the metabolic status of E. coli biosensors. Arrow marks the 
point of addition of varying concentrations of Synprolan (concentrations shown adjacent 
to traces). Dip in biosensor response after toxicant addition due to either a temporary 
inhibitory response followed by unsustained recovery, or a problem associated with 
forceful sample addition. 
The lower sensitivity of the biosensor assay when using both E. coli and Ps. 
putida as biocatalysts, compared to results obtained from comparable single 
speCIes tests described in Chapter 3, may be due to the adhesive nature of 
Synprolan, discussed in section 3.5, reducing its bioavailibility to the immobilised 
bacteria. The biosensor assay provides a number of surfaces on which the 
Synprolan can adhere, not least the polycarbonate surface and the filter assembly 
on the electrode itself. 
The temporary stimulation of response of both the E. coli and Ps. putida 
biosensors will also have contributed to a lower sensitivity relative to the 
established assays. 
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Figure 6.2. Effect of SynproJan on the metabolic status of Ps. putida biosensors. Varying 
concentrations of SynproJan were added between 1410 s and 1460 s (concentrations 
shown adjacent to traces). As in Figure 6.1, dips in biosensor response after toxicant 
addition were also seen. Careful sample addition suggests that they may be due to 
temporary depression of metabolism followed by attempted recovery which the cells are 
unable to sustain. 
The addition of 30 mg I-I Polyhexanide to E. coli biosensors rapidly caused the 
reduction of response to a threshold value (Figure 6.3). Indeed, inhibitory 
response to this toxicant was more rapid than that for 3,5-DCP. EC50 values for 
the E. coli and Ps. putida biosensors were calculated to be 4.8 mg }"1 and 5 mg 1'1 
respectively (compared to 6.0 mg 1'1 each when assessed using inhibition of 
magnitude) (Table 6.2). This value puts the level of sensitivity of the assay closer 
to that of the Microtox® assay (ECso value of 3.6 mg 1"1) but still an order of 
magnitude different from the cell multiplication inhibition assay employing either E. 
coli or Ps. putida (0.3 mg I-I ECso values). Again, differences can be apportioned 
to different species sensitivity and bioavailability of the test material. 
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Figure 6.3. Effect of Polyhexanide on the metabolic status of E. coli biosensors. Arrow marks the 
point of addition of varying concentrations of Polyhexanide (concentrations shown above 
traces). Threshold toxicity for 30 mg 1. 1 reached well within the time frame of the test. 
Note the sharp peak due to sample addition. 
Site and process effluents were obtained from a herbicide production plant in the 
North of England. Blind testing was conducted on 22 effluents using E. coli and 
Ps. putida biosensors and data were presented in Table 6.3. The effluents were 
generally found to be sufficiently toxic to cause a dose related inhibition of 
biosensor signal, although some effluents, particularly to Ps. putida biosensors did 
not elicit sufficient inhibition to generate an ECso value. Figure 6.4 shows the 
effect of a toxic process effluent on an E. coli biosensor. 
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Figure 6.4. Typical effect of a toxic process effluent on E. coli biosensors. Varying 
concentrations of the effluent (with the inclusion of 5 mM mediator) added at 1000 s 
(concentrations shown alongside traces). 
Some problems were encountered when implementing the mathematical model. 
The addition of 3,5-DCP to Ps. putida biosensors resulted in inhibitory responses 
which tended to be linear rather than typically hyperbolic (Figure 6.5). The 
closeness of fit between the transformed data and the raw data was therefore not as 
good as was achieved for genuine hyperbolic responses. An ECso value was 
generated to be 9.5 mg fl although this value must be treated with caution. 
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Figure 6.5. Effect of 3,5-DCP on Ps. putida biosensors. Varying concentrations of 3,5-DCP 
added between 1500 s and 1600 s (concentrations shown adjacent to traces). Note the 
linearity of response following toxicant addition. A poor hyperbolic response results in 
difficulties associated with fitting the mathematical model in order to generate an ECso 
value. 
6.3 Effect of selected toxicants on biosensors with mixed bacterial species as 
the biocatalysts 
The majority of toxicity studies were conducted using previously freeze-dried 
activated sludge from the Buckland Sewage Treatment Works, Newton Abbot, 
using 3,5-DCP, the toxicant formulations and industrial effluents (Tables 6.2 and 
6.3). Preliminary toxicity studies showed that fresh sludge exhibited the same 
sensitivity to toxicants as the previously freeze-dried sludge, confirming the work 
accomplished in Chapter 4 which showed that only the bacterial component was 
contributing to the biosensor signal, hence only the bacteria were contributing to 
the biosensor response to toxicants (Table 6.2). 
Activated sludge biosensors were quite sensitive to 3,5-DCP, exhibiting an 
inhibitory response at 5 mg/l and an ECso value was determined to be 12.5 mg rl. 
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Stimulation of biosensor response was seen after the addItion of 1 mg 1.1 which.. 
was maintained for the duration of the test . This e ect· . .ffi IS not unexpected smce It 
oses 0 some toxIcants can cause an increase in the is well known that low d f . 

metabolic rate of versatile bacterial species. Since activated sludge is a mixed 

culture, it is not surprising that some members of the consortium are able to 

metabolise low doses of toxicants (Figure 6.6). 
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Figure 6.6. Effect 3,5-DCP on Newton Abbot activated sludge biosensors. Varying 
concentrations of toxicant (concentrations shown alongside traces) were added between 
1490 and 1500 s. Note stimulation of response after the addition of 1 mg 1'\ 3,5-DCP. 
Bioseed® based biosensors were challenged with 3,5-DCP and inhibition was also 
achieved at 5 mg 1-1 with a stimulatory response at 1 mg 1-1, as seen for activated 
sludge based biosensors. However, At 30 mg 1-1, although inhibition was greater 
than that seen after the addition of 5 mg 1-1, it was not significantly greater (Figure 
6.7). Bioseed® is an artificially created mixed culture and as such is a mixture of 
20 individual, independent bacterial species, unlike activated sludge which has 
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evolved into a true consortium whose members interact in a mutually beneficial 
way and are thus dependent in some degree on each other. Since each bacterial 
species has a contributory role to play, a toxicant which effects only a small 
fraction of the bacterial species in activated sludge may lead to significant 
inhibition. IfBioseed® contains species which are affected by relatively low doses 
of toxicant, the metabolic response of the mixture as a whole may not be 
significantly changed if there is a majority of resistant species which are 
unaffected. The consequence of this is a Bioseed® biosensor that responds to 
relatively low concentrations of toxicant, due to the sensitive species being 
inhibited, but does not respond further to the addition of higher concentrations 
because the remaining species contributing to the biosensor signal are more 
resistant. 
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Figure 6.7. Effect of 3,5-DCP on Bioseed® based biosensors. Varying concentrations of 3,5-DCP 
added between 1960 s and 2000 s (concentrations shown adjacent to traces). Note the 
small relative differences in inhibition of biosensor signal between 5 and 30 mg 1"1. 
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The differences in sensitivity between the Newton Abbot activated sludge 
biosensor and the Bioseed® biosensor were further demonstrated after the addition 
of Polyhexanide. The activated sludge based biosensors showed dose responsive 
inhibition, giving an ECso value of 190 mg }"1 (Figure 6.8). The Bioseed® 
biosensors proved to be insensitive to Polyhexanide with only slight inhibition of 
response even with as high a concentration as 1000 mg 1"1 (Figure 6.9). 
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Figure 6.8. Effect Polyhexanide on the metabolic status of Newton Abbot activated sludge 
immobilised in a biosensor configuration. Varying concentrations of toxicant 
(concentrations shown alongside traces) were added between 1900 and 2000 s. 
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Figure 6.9. Effect of Polyhexanide on the metabolic status of Bioseed® immobilised on a screen 
printed, carbon graphite electrode, biosensor. Varying concentrations of Polyhexanide 
were added between 1400 s and 1420 s (concentrations shown adjacent to traces). 
It is apparent that when the inhibition of the biosensor response reaches a 
threshold value within the duration of the test, the ECso value achieved using the 
data from the model would not differ considerably from that achieved using the 
inhibition of magnitude of current method described in section 5.3.2. In these 
circumstances the perceived sensitivity of the biosensor technique would therefore 
not be improved (Figure 6.9) since extrapolations could not be made. 
Improvements in sensitivity were seen when it was quite clear that the toxicity 
threshold was not reached within the time constraints of the test. 
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Figure 6.10. Effect Synprolan on the metabolic status of Newton Abbot activated sludge 
immobilised in a biosensor configuration. Varying concentrations of toxicant 
(concentrations shown alongside traces) were added between 1600 and 1620 s. 
It is interesting to note that activated sludges from sites with different waste water 
influent profiles showed marked differences in sensitivity. Work was conducted 
using activated sludge obtained from East Hyde and Bishops Stortford Sewage 
Works. The sludges were harvested, immobilised and interrogated in the same 
manner as the Newton Abbot sludge and currents were obtained comparable to 
those obtained previously. However, the sensitivity to 3,5-DCP of the biosensors 
incorporating activated sludge from the three sources decreased as the level of 
sewage of industrial origin in the influent increased (Table 6.1). Indeed, toxicity 
studies revealed that concentrations of 3,5-DCP up to 100 mg 1.1 had little effect 
on the East Hyde activated sludge biosensor (Figure 6.11). 
Previous studies (not shown) revealed the biosensors loaded with activated sludge 
from the East Hyde Sewage Treatment Works also had remarkable levels of 
tolerance to organics and heavy metals. It was found that at concentrations of up 
172 

to 20 mg tl mercuric chloride, little inhibition of current was observed, and even 
at 50 mg }-1 the rate of inhibition was slow (ECso >50 mg 1"1). 
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Figure 6.11. Effect of 3,5-DCP on biosensors loaded with activated sludge from East Hyde 
Sewage Treatment Works. Varying concentrations (shown adjacent to traces) of 3,5­
DCP added at 1600 s. 
Due to the high industrial nature of the influent sewage to East Hyde, the sludge is 
acclimatised to higher levels of industrial, and possibly toxic, waste. The East 
Hyde sludge is therefore inherently less sensitive to toxins when compared to 
Newton Abbot sludge. 
Further studies on activated sludge, conducted using sludge obtained from 
Bishops Stortford Sewage Treatment Works, revealed that although the sludge 
was more sensitive than that from East Hyde, it was more resistant to 3,5-DCP 
than the sludge from Newton Abbot in Essex (Table 6.1). The sewage works is 
situated in a fairly rural area and the sludge was chosen due to it low industrial 
sewage portion. 
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Source of activated sludge % Industrial Concentration of3,5­
sewage DCP (mg 1"1) 
Newton Abbot, Devon 20 12.5 (9.8 - 17.6) 
Bishops Stortford, Essex 25 18.5 (13.2 - 25.5) 
East Hyde, Bedfordshire 35 249 (182 - 486)* 
Table 6.1. ECso values (mg 101) for 3 different activated sludge based biosensors after exposure to 
3,5-DCP. Numbers in brackets show the lower and upper 95% confidence limits. 
* Extrapolated data. 
Statistical comparisons were made between the data from the activated sludge 
based biosensors using the T -test procedure (two sample assuming unequal 
variance) within the Brixham Environmental laboratory Statistical package. It 
was found that there was a significant difference at the 5% level between those 
data from the East Hyde sludge based biosensor with those from the Newton 
Abbot and Bishops Stortford sludge based biosensors, with P-values of 0.039 and 
0.041 respectively. No significant difference was found between those data from 
the Newton Abbot and Bishops Stortford sludge based biosensors. A correlation 
coefficient of 0.952 indicates that there is a significant correlation at the 5% level 
between the ECso value and the % industrial sewage, suggesting statistical 
evidence that the sensitivity of the sensor was related to whether or not the 
immobilised biological component had previously been in contact with industrial 
effluents. 
6.4 Comparisons of sensitivity of the biosensor assays with existing tests 
EC data from Chapter 3 were used to compare the sensitivities of established so 
tests with the biosensor based assays, to 3,5-DCP, Synprolan and Polyhexanide. 
Specifically, the sensitivities of the activated sludge and Bioseed® based 
biosensors were compared with the Brixham activated sludge respiration 
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inhibition test (ASRlT), and the single species biosensor sensitivities were 
compared with Microtox® and cell multiplication inhibition assays (Table 6.2). 
A number of methods were employed for comparative purposes in the toxicity 
assessment of effluents. The assays used were; Microtox®, ASRIT, and the 
rainbow Trout (Oncorhynchus mykiss) acute toxicity test. The effluent studies 
were conducted at the Brixham Environmental Laboratory, Devon. The rainbow 
trout test was conducted by workers at Brixham, following standard operating 
procedures, and was chosen to illustrate the sensitivity of a higher organism to 
toxic effluents. 
These tests were compared with the E. coli and Ps. putida biosensors since they 
were routinely used by the Brixham Environmental Laboratory to assess effluents 
as part of a biomonitoring programme. For comparisons to be made, the 
biosensor tests were integrated into this programme. The single species 
biosensors were not intended to give information pertinent to the toxicity of an 
effluent sample to an activated sludge plant, but their inclusion was useful for 
comparisons with another single bacterial species test (Microtox®) and also a 
higher organism test. The activated sludge based biosensor was specifically 
compared with the Brixham Environmental Laboratory activated sludge 
respiration inhibition assay (Table 6.3, Figures 6.12 to 6.18). Activated sludge for 
both these assays were obtained from the Buckland Sewage Treatment Works, 
Newton Abbot. 
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Test 3,5-DCP Synprolan Polyhexanide Proxel paste 
Microtox® 2.2 (2.1 - 2.5) OJ (OJ - 0.4) 3.6 (3.0 - 4.2) 0.4 (0.4 - 0.5) 
Cell multiplication 
inhib. 9.3 (7.1 - 11.9) 0.7 (0.2 - 1.7) 0.3 (0.3 - 0.4) 1.0 (0.8 - 1.8) 
E. coli 10.0 (8.0 - 12.1) 0.8 (0.2 - 1.9) 0.3 (0.3 - 0.4) 1.3 (1.0 - 2.1) 
Ps. putida 
E. coli biosensor 
Model 
Freeze-dried cells 8.8 (7.0 - 10.8) 9.5 (7.5 - 14.4) 4.8 (3.5 - 7.0) 
Fresh cells 10.1 (8.0 - 13.0) 9.0 (6.8 - 12.2) 5.0 (3.5 - 7.5) 
Magnitude ofcurrent 26.5 (16.8 - 32.4) 12.5 (8.3 - 16.3) 6.0 (4.1 - 9.0) 
Ps. putida biosensor 
Model 9.5 (7.9 - 13.9) 10.0 (7.9 - 13.8) 5.0 (3.2 - 9.9) 
Magnitude ofcurrent 28.0 (21.2 - 40.8) 15.0 (8.1 - 22.5) 6.0 (3.9 - 9.5) 
Bioseed® biosensor 
Model 10.9 (9.9 - 13.8) 500 (420 - 760) >1000 
Magnitude ofcurrent 29.5 (25.2 - 39.8) 560 (390 - 1100) >1000 
Act. sludge 
190 (128 - 355) biosensor 12.5 (9.8 - 17.6) 95 (82 - 156) 
280 (190 - 570) Model 20.5 (16.0 - 28.3) 140 (90 - 215) 
Magnitude ofcurrent 
110 (81 - 168) 210 (154 - 301) 35 (32 -79)5.5 (4.3 - 7.4) ASRIT 
Table 6.2. Comparison of the effects of 3,5-DCP and the toxicant formulations on E. coli, 
Ps. putida Bioseed® and activated sludge (Newton Abbot) based biosensors with a 
number of established tests. Results are expressed as ECso values (mg 1-1). Results shown 
from the biosensors are generated from the mathematical model and also the inhibition of 
magnitude of current. Numbers in brackets are the lower and upper 95% confidence 
limits. There are no biosensor data for Proxel paste due to electrochemical interference. 
The biosensor data interpreted using the model consistently resulted in lower ECso 
values than those assessed using inhibition of magnitude of biosensor signal. 
Improvements were most significant if the inhibitory response followed a 
hyperbolic curve and the threshold toxicity was not reached within the time-frame 
of the test. 
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Comparisons were made in terms of toxicity of the test chemicals and sensitivity 
of the test species. Sensitivity to 3,5-DCP was most consistent between the 
biosensors and the other tests, with ECso values ranging from 2.2 to 12.5 mg 1-\ 
irrespective of whether mixed or single species were used as biocatalysts. 
Statistical analysis using a Student T-test gave a P-value of 0.737 which provides 
strong evidence that there is no significant difference between the data obtained 
from 3,5-DCP. 
As in Chapter 3, greatest variations in sensitivity between tests were seen when 
the chemical formulations were assessed. Significant differences at the 5% level 
were found between those data obtained from single culture based tests with those 
from mixed culture based tests. Indeed, a significant correlation at the 5% level 
was observed between ASRlT and activated sludge based biosensors. Evidence 
from T-tests (P-values below 0.035) showed that when using ASRIT, Bioseed® 
and activated sludge based biosensors, the complex formulations had significantly 
different mean EC50 values than obtained when using pure cultures, further 
illustrating previous findings that the toxicity of a chemical can vary dramatically 
depending upon the use of mixed or single species. The close similarity between 
the ASRlT and activated sludge based biosensor data is promising for the 
envisaged role of this sensor as a monitor of the potential toxicity of chemicals to 
an activated sludge plant. 
Poor sensitivity of the Bioseed® biosensor to the toxicant formulations, compared 
with ASRlT and the activated sludge based biosensor, was probably due to the 
presence of species' within the Bioseed® culture that are more resistant to the 
formulations tested. Since the Bioseed® biosensor does not appear to be of a 
comparable sensitivity to ASRlT its use was not deemed appropriate for effluent 
studies. 
177 

------ ~ 
1 0.1 (0.1 - 0.2) 0.3 (0.2 - 0.5) 0.2 (0.2 - 0.4) 9.4 (6.4 - 13.0) 11.0 (6.0 - 15.6) 
2 0.1 (0.1- 0.1) 0.8 (0.5 - 1.1) 4.3 (3.4 - 5.9) 20.0 (13.0 - 29.6) 20.0 (13.7 - 28.5) 
3 0.2 (0.2 - 0.3) 0.5 (0.3 - 0.8) 0.4 (0.2 - 0.5) 12.7 (6.9 - 17.0) 23.0 (12.5 - 31.0) 
4 0.3 (0.2 - 0.6) 0.1 (0.1 -0.2) 1.0 (0.7 - 1.3) 0.1 (0.1 - 0.3) 18.1 (15.5 -26.5) 28.0 (17.0 - 31.1) 
5 0.5 (0.3 - 0.9) 0.8 (0.6 - 1.0) 4.9 (4.2 - 6.9) 27.5 (15.8 - 32.1) 44.0 (26.5 - 69.5) 
6 0.8 (0.6 - 1.1) 0.9 (0.6 - 2.1) 5.4 (4.2 - 8.8) 34.7 (25.7 - 40.0) 48.0 (38.3 - 69.0) 
7 1.0 (0.8 - 1.3) 1.4 (0.7 - 2.2) 8.2 (7.0 - 11.6) 98.7 (57.5 - 210.5) 82.0 (60.9 - 140.0) 
8 1.7 (l.0 - 2.9) 0.8 (0.5 - 1.5) 18.9 (13.0 - 28.7) 0.6 (0.5 - 0.7) 98.7 (65.5 - 266.0) >20 
9 1.7 (1.1 - 2.7) 9.0 (7.7 - 13.0) 60.2 (50.1 - 71.9) 0.6 (0.5 -0.7) >100 >20 
10 2.2 (1.0 - 4.1) 5.5 (4.5 - 7.8) 55.6 (41.8 - 78.7) 0.2 (0.1 - 0.2) >100 >20 
11 2.7 (1.0 - 4.5) 5.1 (4.3 - 7.2) >100 >100 >20 
12 3.7 (2.6 - 4.8) 4.5 (2.6 - 7.1) 0.2 (0.2 - 0.3) 
13 5.3 (4.4 - 6.7) 5.0 (2.9 - 6.8) 1.4 (0.9 - 3.0) 
14 13.2 (7.6 - 27.6) 4.5 (2.6 - 7.0) 
15 18.0 (13.6 - 26.3) 25.0 (22.1 - 34.1) 20.0 (15.3 - 28.7) 
16 22.4 (13.7 - 29.9) 26.0 (16.5 - 32.8) 2.8 (1.6 - 3.8) 
17 24.0 (13.3 - 37.3) 30.0 (26.0 - 39.7) 
18 26.0 (17.7 - 35.8) 19.0 (14.1 - 28.9) 18.0 (15.9 - 27.5) 
19 32.5 (26.0 - 36.8) 5.8 (3.2 - 8.6) 
20 33.6 (26.8 - 40.5) 51.0 (39.4 - 70.4) 50.0 (40.0 - 58.5) 
21 35.2 (30.0 - 51.4) 54.0 (40.1 -76.0) 70.0 75.0 (50.6 - 81.5) 
22 52.9 (46.2 - 67.9) 71.9 (52.5 - 85.7) 
Table 6.3. Comparison of the effects ofvarious effluents from a herbicide production plant on E. coli, Ps. putida Bioseed® and activated sludge based biosensors with 
Microtox®, activated sludge respiration inhibition test Brixham method (ASRIT) and also the rainbow trout acute toxicity assay. Results are expressed as 
ECso values (%). Numbers in brackets refer to the lower and upper 95% confidence limits. Effluents are ranked according to toxicity to Microtox®. Non­
testing is indicated by a blank space. 
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When comparing the effluent toxicity data obtained from E. coli and Ps. putida 
based biosensors with those from Microtox® and the rainbow trout acute toxicity 
assay, although the data set is not complete largely as a reflection of the individual 
tests cost and complexity, results show that the toxicity data generated using the 
biosensors correlated significantly with those data obtained from the conventional 
tests (Table 6.3, Figures 6.l2 to 6.l6). Due to the greatest number of comparable 
data points available, a statistical analysis of the relationships between data were 
calculated for the E. coli biosensor, Microtox® and the rainbow trout acute toxicity 
test (Figures 6.13 to 6.16). 
Prior to assessing the degree of correlation between data sets the requirement of 
nonnality was detennined. The Brixham Environmental Laboratory Statistical 
package was used to apply the Shapiro-Wilk test to the data sets under 
consideration. Results showed that there was strong evidence that the data was not 
normally distributed. Logarithmic transformations were therefore performed on all 
the data and the calculated Shapiro's W statistics were sufficiently high (for 
example, 0.92 for Microtox® data and 0.95 for E. coli biosensor data) to suggest that 
the 10gJO-transformed data did not depart significantly from the normal distribution. 
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Figure 6.12. Comparison of the sensitivities of an E. coli and a Ps. putida biosensor and Microtox® 
to a number of effluents. The effluents are ranked in order of toxicity to Microtox,® from 
most toxic to least toxic. The n number denotes the numbers of samples tested and hence 
the number of comparable data points. 
Results showed that the correlation's between the data from the E. coli biosensor 
and those from Microtox® were significant at the 0.1 % level, with a correlation 
coefficient of 0.902 (n = 22) (Figure 6.13). Considering that toxicity is not only a 
function of chemical structure but is also both genus and species specific, the 
correlation between these tests which employ different test species is good. That the 
E. coli biosensor shows a significant correlation with Microtox® is useful since the 
MicroJQ;x® assay, although fast and reproducible, is flawed both in the fact that it is 
.;::Rspeci~ependent, and that it is troubled by coloured effluents. 
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Figure 6.13. A comparison of the toxicity data obtained from a number of effluents using E. coli 
biosensors, with those from Microtox.® The regression line describes a correlation 
coefficient of the loglo transformed data of 0.902 which is a significant correlation at the 
0.1% level. 
Although the data set was small, results shown in Figures 6.14 and 6.15 show that 
the data from the E. coli based biosensor also significantly correlate at the 0.1 % 
level of significance with those data from the rainbow trout acute toxicity assay 
(with a correlation coefficient of 0.657, where n = 11). Since the data set is small it 
is difficult to draw definite conclusions. 
The sensitivity of the biosensor assay was generally not as high as the rainbow trout 
assay, although the correlation achieved shows the E. coli biosensor has great 
I 
1 	 potential to be used as an ethically sound pre-screening test to give some indication 
of the toxicity of an effiuent to rainbow trout. Microtox® data also 'Xcompare to a I 
I similar level of significance as that achieved using the E. coli biosensor when 
compared with tlle rainbow trout toxicity data (significant at the 0.1% level with a I 
correlation coefficient of0.726, n = 11) (Figure 6.16). 
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Figure 6.14. Comparison of the sensitivities of an E. coli biosensor, Microtox® and the Rainbow 
trout acute toxicity assay to a number of effluents. The effluents are ranked in order of 
toxicity to Microtox,® from most toxic to least toxic. The n number denotes the numbers 
of samples tested and hence the number of comparable data points. 
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Figure 6.15. A comparison of the toxicity data obtained from a number of effluents using E. coli 
biosensors with those from the Rainbow trout acute toxicity assay. The regression line 
describes a correlation coefficient of the loglo transformed data of 0.657 which is a 
significant correlation at the 0.1% level. 
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Figure 6.16. comparison of the toxicity data obtained from a number of effluents using Microtox®, 
with those from the Rainbow trout acute toxicity assay. The regression line describes a 
correlation coefficient of the logJO transformed data of 0.726 which is a significant 
correlation at the 0.1 % level. 
From the data obtained, the Ps. putida biosensor is less sensitive than either the E. 
coli biosensor or Microtox®. This further emphasises the point that the toxicity of a 
sample is strongly related to the organism employed as the sensing component, as 
stated in Chapter 3, as well as to the method of assessment. 
The 10g10 transfonned toxicity data generated usmg activated sludge based 
biosensors correlated highly significantly (at the 0.1 % level of significance) with I 

I those data obtained from ASRIT, with a correlation coefficient of 0.895 (n = 7)

i (Figures 6.17 and 6.18). However, the data set is small due to the fact that the 
1 sludge is relatively insensitive to the effluents tested and EC50 d.ata were not able to 
I be generated for the less toxic effluents. 
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Figure 6.17. Comparison of the sensitivities of an activated sludge based biosensor and the 
Brixham activated sludge respiration inhibition test (ASRIT) to a number of effluents. 
The effluents are ranked in order of toxicity to the activated sludge based biosensor, from 
most toxic to least toxic. The n number denotes the numbers of samples tested and hence 
the number of comparable data points. 
This high degree of similarity may be attributed to the fact that the same biological 
component is being exploited in both of the tests, hence if the biosensor protocol 
vvas indeed an appropriate method to assess the health of the sludge then a high 
correlation should be expected. It is therefore apparent from the results that the 
biosensor technique is a valid means to determine the effect of toxicants on the 
a.ctivated sludge. 
184 

-100.0 
-... 

'eft. 

""-' 
co
-co 
"0 

a 

1.1") (.) 10.0 0ill 
~ 
0:: 
en 
« 
1.0 ;----------+--------t-I 
1.0 10.0 100.0 
Activated sludge 
biosensor EC50 data (%) 
Figure 6.18. A comparison of the toxicity data obtained from a number of effluents using 
activated sludge based biosensors, with those from ASRIT. The regression line describes 
a correlation coefficient of the loglo transformed data of 0.895 which is a significant 
correlation at the 0.1 % level. 
Electrochemical responses, such as those seen after exposure to Proxel paste, were 
not seen when testing the effluents in this study. Where ECso data were not 
generated it was due to either the effluents only causing mild inhibition, even at high 
concentrations, or subtle stimulation, such as that caused when exposing an 
activated sludge based biosensor to 1 mg 1-1 3,5-DCP. Where stimulation was 
encountered, blank electrodes were used to assess for the presence of 
electrochemical activity. For these effluents tested, no electrochemical activity was 
encountered. 
No replication of testing was achieved when assessing the toxicity of effluents since, 
through historical evidence, they exhibit considerable temporal instability. An 
effluent left for 1 day after being received before being tested gave a significantly 
different ECso value to that obtained on the initial day of receipt when using both 
185 
.. 

Microtox® and the ASRIT tests to assess toxicity (Evans, 1996). With this 
knowledge, comparisons of data from tests which have very different durations must 
be treated with caution. 
It is also worth noting that the biosensor data were obtained more rapidly, easier and 
safer than the data achieved in the ASRIT. The issue of safety is an important one 
since the operator is very much more exposed to both the potentially hazardous 
activated sludge and the test sample in the ASRIT, due to the large volumes 
involved in this test (250 ml). 
6.5 Recovery from short-term toxic stress 
The biosensor system described in Chapter 4 and applied in Chapter 6 was not 
conceived as a reusable test. The biosensors were designed to respond to toxic 
challenge and then be discarded. However, if the sensors were held in a 
continuously flowing effluent stream they would have to recover from the short 
tenn presence of a toxic "slug" moving down the stream. E. coli biosensors were 
therefore initially used to assess the potential for recovery from short-term toxic 
stress induced by varying concentrations of3,5-DCP (Figure 6.19). Recovery was 
investigated by simply removing the biosensor which had been subjected to 
toxicant from its vial, and placing it into a toxicant-free vial. 
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Figure 6.19. Recovery of response of E. coli biosensors following short-term exposure to 3,5­
DCP. Toxicant added between 1350 s and 1400 s. Biosensors removed from toxic 
environment and transferred to fresh vials at 2050 s. Positive and negative current peaks 
at the point of transferral were generated during the moving process and are due to the 
small periods when the sensors are not immersed in liquid. 
The bacteria were able to be resuscitated from short-term toxic stress caused by 
3,5-DCP at concentrations up to 100 mg 1-1 (Figure 6.19). Recovery was not 
absolute, i.e., the bacteria did not recover to levels exhibited by the controls, 
indicating that either some members of the population on the biosensor were 
killed or inactivated, or the population was intact but respiring at a lower rate than 
that of unstressed population. 
Short term exposure of 3,5-DCP to activated sludge based biosensors was also 
conducted and resuscitation was found (data not shown), and recovery was also 
demonstrated after subjection to a toxic process effluent at a concentration of 30% 
(Figure 6.20). The ECso of the effluent had previously been determined to be 
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20.0% (Effluent number 2 in Table 6.3), thus the sludge was able to be 
resuscitated after levels of toxicant above the Ee al50 vue. 
It must be stressed that resuscitation was not achieved for all effluents and 
toxicants. Recovery of response from activated sludge based biosensors following 
exposure was investigated using 6 effluents (numbers 1 to 6 from Table 6.3) and 
recovery was achieved in only 3 (numbers 2,5 and 6). 
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Figure 6.20. Example of recovery of response ofactivated sludge biosensors following short-term 
exposure to a process effiuent at a concentration of 30%. Toxicant added at 2050 s. 
Biosensor removed from toxic environment and transferred to fresh vial at 3000 s. Large 
current peak at the point of toxicant addition was typical for this effluent. 
As was found with E. coli, total restoration of the current achieved in the control 
was not generally achieved following removal of the effluent from an activated 
sludge based biosensor, although in the example shown in Figure 6.20 the 
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activated sludge may we11 have recovere d fully, as the response appeared to be 
converging with that of the control at the latter stages of the experiment. 
To imitate conditions which may occur in an effluent stream, the response of 
activated sludge biosensors following repeated exposure and recovery from toxic 
shock was investigated (Figure 6.21). 
3600 4800 6000 72001200 2400 
Time Is 
Figure 6.21. Example of recovery of response of activated sludge biosensors following repeated 
short-term exposure to a process effluent. Toxicant added at 1000 s. Biosensor removed 
from toxic environment and transferred to fresh vial at 1500 s. Repeated toxicant 
addition and removal was conducted until 6000 s. 
The activated sludge based biosensor is able to cope with repeated toxic insult 
(Figure 6.21) although a predictable downward trend in the activity of the 
biosensor, due to the extended presence of the mediator as well as the action of the 
toxicant, is observed over the duration of the experiment. 
As stated, the biosensors developed were not designed to sustain repeated toxic 
shock, although the fact that recovery is achieved may lead to potential use as 
toxicity monitors in a continuous, flow-through system. 
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6.6 Conclusions 
• 	 Single species and mixed species biosensors developed in Chapters 4 and 5 can 
be used to assess the toxicity of a standard toxicant, complex toxicant 
formulations, and also industrial effluent samples, in a rapid, sample analysis 
based system. 
• 	 As found in Chapter 3, sensitivity to toxicant formulations and effluents varied 
depending upon the method of assessment and the use of single or mixed 
species. 
• 	 As in Chapter 3, sensitivity of mixed species biosensor tests was lower than 
that of single species biosensors. However, it must be noted that the redox 
mediator may not be interacting with all the members of the consortium, hence 
it may be monitoring the metabolism of the most resistant species and more 
susceptible members of the sludge may be being ignored. 
• 	 Effluent toxicity data from the E. coli based biosensor correlated significantly 
with those from both Microtox® and tlle rainbow trout acute toxicity test. The 
single species biosensor therefore shows potential as a effluent screening test, 
enabling ranking of effluents according to their toxicity. Although the data set is 
small, the correlation achieved between the E. coli biosensor and the rainbow 
tout toxicity data shows the biosensor may be used as an ethically sound pre­
screening test to give some indication of the toxicity of an effluent to rainbow 
trout. 
• 	 Some problems were encountered during the fitting of the mathematical model 
when inhibitory responses tended to be linear rather than typically hyperbolic. 
The closeness of fit between the transformed data and the raw data was 
therefore not as good as was achieved for genuine hyperbolic responses and 
results in these instances should be treated with caution. 
• 	 The sensitivity of activated sludge based biosensors correlated significantly 
with that of ASRIT when using similar sludges, allowing valid toxicity 
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assessment of effluents rapidly and safely, prior to their introduction into an 
activated sludge treatment plant. 
• 	 Activated sludge based biosensors loaded with sludges from sites with different 
waste water influent profiles showed marked differences in sensitivity, further 
illustrating the importance of using appropriate sensing components in order to 
obtain valid results. 
• 	 Electrochemically active effluents were not encountered in this study, although 
their existence must not be ignored. 
• 	 Recovery from toxic shock is possible which indicates that biosensors may 
have a potential use as toxic shock monitors in a flow cell arrangement in an 
effluent stream. 
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7 CONCLUSIONS 
7.1 Aims and objectives 
Current industrial pressures deem that it is important that toxicity data generated 
should give an indication of the potential effect of industrial effluent toxicity on 
wastewater treatment processes. Since the activated sludge process is the most 
important and widely used treatment for the removal of organic pollutants, there is 
a need to monitor the potential toxicity of the influent wastewaters towards 
activated sludge, prior to their introduction into the treatment plant. 
This study recognised the advantages that bacteria had to offer for rapid toxicity 
assessment. A technique known as mediated amperometry was used to interrogate 
living bacterial cells imrnobilised on an electrochemical transducer. The generic 
approach was designed to be capable of accommodating and monitoring the 
metabolic status of a wide range of bacterial biocatalysts, enabling species 
indigenous to any environment of interest to be used. 
The aim of the work was to develop toxicity assays based on whole cell mediated 
amperometry in a sample analysis configuration. Established bioassays were used 
for comparative purposes to investigate the potential of both single and mixed 
species biosensors as toxicity tests. The perceived benefits of the biosensor 
approach were those of rapidity, ease of use and the potential to employ organisms 
relevant to the environment of interest as the sensing components on the 
biosensor. The envisaged ultimate application was to provide appropriate 
protection for activated sludge plants from toxic industrial effluents by using the 
indigenous activated sludge as the sensing component in a biosensor device. 
Model biosensor based toxicity assays were also constructed using the single 
bacterial species E. coli and Ps. putida. The biosensors were challenged with a 
number of toxicants and effluents, and data were compared with those from 
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existing single and mixed bacterial bioassays in terms of sensitivity and the degree 
of correlation. 
The potential for monitoring the metabolism of mixtures of microbial species in a 
biosensor configuration was investigated in order to develop a sensor which could 
provide a relevant assessment of toxicity in a real environmental situation - the 
wastewater treatment plant environment. A number of toxicants and industrial 
effluents, obtained from a herbicide production plant, were used to validate the 
sensor, and data were compared with those from an established mixed species test. 
7.2 Conclusions 
A number of standard tests were used in Chapter 3 to assess the toxicity of 3,5­
DCP and 4 toxicant formulations. The assays used were based upon inhibition of 
growth of pure and mixed cultures (cell multiplication inhibition, agar plate 
methods), inhibition of luminescence (Microtox®) and inhibition of respiration and 
nitrification of a mixed culture (ET AD, ASRIT). The data show that large 
variations in sensitivity exist between standard tests and highlights the fact that 
complex chemical formulations, such as those found in effluent streams, give 
varying levels of toxicity depending upon the method of assessment, the species 
of bacteria used, and/or the use of mixed or single species. 
The most notable differences in sensitivity existed between those test which 
employed mixed species with those that used single species. While results from 
tests using single cultures were useful for comparative ranking of the toxicity of 
the test chemicals, they may not be relevant for estimating the effect of inhibitors 
in an environment in which a specific mixture of bacterial species is present, such 
as in the activated sludge plant environment. 
It was concluded that to estimate the effect of inhibitors to the activated sludge 
process in a wastewater treatment plant with validity, activated sludge from the 
plant itself should be used. 
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An optimum protocol was devised in Chapter 4 for a sample analysis designed, 
short-term (1 h) biosensor assay, based upon the immobilisation of E. coli on 
disposable, screen-printed carbon graphite electrodes. Late-log/early stationary 
phase (6 h) cultures of E. coli, grown at 37 oe, were determined to be at the 
optimum stage of development, and cultures were immobilised within a filter 
sandwich with 2 extra filters towards the bulk solution. The extra filters were 
required to contain the diffusion layer which existed over the working surface area 
and negated the stirring rate dependence of the current. Mediation was achieved 
by using 5 mM potassium hexacyanoferrate (III) with 5 mM respiratory substrates 
(glucose, sodium lactate and sodium succinate in 0.85% saline). Stirring rate was 
held at 700 rpm to ensure adequate circulation of the reduced and oxidised 
mediator. Through the use of an in-house developed interface unit, up to 15 
biosensors are able to be used at once, enabling a high throughput of toxicants and 
effluent samples. 
The technology and methodology was determined to be generic and was applied 
to a range of other biocatalysts including both pure and mixed cultures. Ps. 
putida, an organism employed in conventional toxicity testing, was found to be 
amenable to mediated amperometry as were the mixed microbial consortia of 
Bioseed® and activated sludges from three different sewage treatment plants. The 
important operational parameters for the creation of optimum protocols were: 
growth and harvesting regimes; substrate concentration; choice and concentration 
of mediator, size of diffusion barrier (filter layer). Simple respiratory substrates 
were still able to stimulate complex consortia, although higher concentrations 
were required (10 mM). 
It was found that potassium hexacyanoferrate (III) was not suitable for mixed 
consortia or Ps. putida, causing the generation of unstable responses. The 
lipophilic mediator p-benzoquinone (0.4 roM for Ps. putida, 0.3 mM for both 
Bioseed® and activated sludge biosensors) was more successful since it induced 
stable responses over the time-frame of the test. This was possibly due to p­
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benzoquinone being able to access the electron pool from within the cells, thus 
obtaining a steady supply of reductant. 
Pure and mixed cultures could be preserved in the cryoprotectant meso-inositol 
and freeze-dried. Resuscitation was achieved by rehydrating with substrates and 
biosensors loaded with previously freeze-dried cultures behaved similarly to 
biosensors loaded with fresh cells. This allowed bulk cultures to be preserved to 
increase inter-batch reproducibility and provided the potential for an "off the 
shelf' test system. 
Chapter 5 showed that single species and mixed species biosensors were capable 
of responding to the addition of both standard toxicants and complex toxicant 
formulations. A reduction in biosensor signal as a result of the addition of a 
toxicant reflected the decline in levels of cellular reductant able to participate in 
electron flux between the cell and the electrode. The biosensors were therefore 
considered to monitor the effect of toxicants on the metabolic status of the cell. 
One of the toxicant formulations, Proxel paste, was determined to be 
electrochemically active and thus was unable to be assessed using the biosensor 
approach. Later studies described in Chapter 6 did not encounter the presence of 
electrochemically active chemical species in the 22 effluents tested. However, 
simply because problematic compounds were not found in these effluents this 
obviously does not mean that they will not exist in a real environmental situation. 
Detection of electrochemical activity is simply achieved by including a bare 
electrode (filters present, but no bacteria) in the testing protocol. Possible ways to 
assess toxicity if a sample is ascertained to be electrochemically active could be to 
pre-incubate the sensor in the sample, remove and wash it, and then compare its 
activity with that of a control. Alternatively, a known toxicant could be added to 
an electrochemically stimulated biosensor. If expected inhibition is not achieved 
than it may be deduced that the biosensor response is solely due to the sample, 
rather than the biological component. 
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Due to differences in current magnitudes between the biosensors, as a result of 
slight variations in bacterial loadings, bacterial orientation on the electrode 
surface, and the physical variations of the carbon graphite electrode surfaces, the 
responses were normalised relative to the control at the point of toxicant addition. 
Normalisation allowed easier appreciation and ultimately quantification of the 
effects of toxicants. 
The quantification of toxicity was approached in 3 ways. The assessment of 
toxicity by simply measuring the difference in magnitude of the biosensor 
response relative to the control, 30 min after toxicant addition, resulted in ECso (30 
min) data higher than those achieved using standard assays, indicating that the 
biosensors were less sensitive. 
Maximum rate of inhibition after toxicant addition was conducted and this 
procedure showed potential as a method of assessing for the presence of toxicants 
in a continuous flow system. Speed of assessment was very high (less than 300 s) 
which would be considered an important feature if the sensors were held in a 
flowing system, such as an effluent stream. However, the data from this method 
did not generate ECso values and so was unable to be compared with existing 
assays. 
It was apparent that responses to toxicant addition were not generally achieved 
within the time-frame of the test. The system was devised to be a rapid test and 
data indicated that endpoint toxicities were not being reached. A mathematical 
function, which employed both magnitude and rate as measurement parameters, 
was therefore constructed which fitted a hyperbolic curve over the raw data and 
therefore allowed the long term inhibition to be predicted from the short term 
response. The mathematical model was able to extrapolate data beyond the time­
frame of the test to give an endpoint toxicity at time infinity. The model was 
easily applied to the biosensor data, and ECso values obtained for standard 
toxicants were of a similar level to those achieved in the standard tests. All 
toxicity assessments from the biosensor were calculated using this technique. 
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The single species and mixed species biosensors developed in Chapters 4 and 5 
were capable of quantifying the toxicity of a standard toxicant, complex toxicant 
formulations, and also industrial effluent samples, in a rapid, sample analysis 
based system. The biosensor assays developed gave similar results to those 
achieved in Chapter 3. As was found in Chapter 3, sensitivity to toxicant 
formulations and effluents varied significantly depending upon the use of single or 
mixed species. 
Sensitivity of mixed species biosensor tests was lower than that of single species 
biosensors. However, although these findings agree with those seen in Chapter 3, 
it must be noted that the redox mediator may not be interacting with all the 
members of the consortium, hence it may be monitoring the metabolism of the 
most resistant species and more susceptible members of the sludge may be being 
ignored. 
The model encountered some problems when inhibitory responses tended to be 
linear rather than typically hyperbolic. The closeness of fit between the model 
data and the raw data were therefore not as good as was achieved for genuine 
hyperbolic responses and the result should be treated with caution. 
Lower sensitivity of the E. coli and Ps. putida biosensors to Synprolan, compared 
to results obtained from comparable single species tests described in Chapter 3 
was encountered. This may be due to the adhesive nature of Synprolan reducing 
its bioavailibility to the immobilised bacteria. The biosensor assay provides a 
number of surfaces on which the Synprolan can adhere, not least the 
polycarbonate surface and the filter assembly on the electrode itself. 
Effluent toxicity data from the E. coli based biosensor correlated significantly 
with those from both Microtox® and the rainbow trout acute toxicity test. Although 
lacking environmental relevance, the single species biosensor showed potential as a 
effluent screening test, enabling ranking of effluents according to their toxicity 
rapidly, easily and without any ethical reservations. 
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It was detenuined that the sensitivity of activated sludge based biosensors 
correlated significantly with that of ASRlT when using similar sludges, allowing 
valid toxicity assessment of effluents rapidly and safely, and illustrating the 
potential of the activated sludge based biosensor as a relevant measure of eftluent 
toxicity prior to its introduction into an activated sludge treatment plant. Also, 
recovery from toxic shock was fOlllld to be possible which indicated that 
biosensors may have a potential future use as toxic shock monitors in a flow cell 
arrangement in an effluent stream. 
It was also noted that activated sludge based biosensors loaded with sludges from 
sites with different waste water influent profiles showed marked differences in 
sensitivity, further illustrating the importance of using appropriate sensing 
components in order to obtain valid results. 
This work has shown that both single and mixed bacterial species can be used as 
the sensing components on a biosensor. The system is therefore flexible in tenus 
of species selection resulting in environmentally valid and relevant data for the 
purposes of toxicity assessment, effluent screening and particularly for 
wastewater treatment plant protection. A number of effluents have been tested 
using the biosensor approach and results of comparative work, with corresponding 
established assays, have shown that generally there is a high degree of correlation 
although it must be remembered that effluent toxicity may alter with time. 
7.3 Future work 
Areas of possible future work include: 
• 	 Incorporation of immobilisation procedures, such as within conducting 
polymers, into the manufacture of the electrode. 
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• 	 On-site methodology for harvesting and immobilisation could be investigated, 
which would enable unskilled operators to construct sensors in the field with 
specific diagnostic roles. 
• 	 Use of biosensors as research tools in the food industry to investigate for the 
presence of viable but non-culturable organisms. 
• 	 Use of biosensors as research tools to investigate cellular processes such as 
enzyme induction, response to metabolites and processes involved in the 
recovery from sub-lethal effects. 
• 	 Application of the activated sludge based biosensors on-site in the wastewater 
treatment plant environment, either in a sample analysis or a continuously 
monitoring mode. 
• 	 Application of the biosensors in process control, allowing optimum conditions 
to be attained in a fermenter with regards to biological activity, substrate and 
product levels. 
• 	 E. coli biosensors can be employed in similar roles as those occupied by 
Microtox®, such as Direct Toxicity Assessment, Toxicity Identification 
Evaluation and for ranking the toxicity of new chemicals prior to their 
introduction onto the market. 
For future statistical correlation's between different test methodologies it was felt 
necessary to take into consideration the temporal instabilities of effluent samples. 
Correlation's between methodologies are best achieved using known toxicants or 
toxicant mixtures whose toxicities are relatively stable and do not vary with time, 
unlike those of complex effluents which make replications and correlations 
difficult to perform practically. Since effluents may be temporally unstable it was 
felt more appropriate for comparative testing of effluents in the future to compare 
those tests which have similar periods of duration. Increased precision could be 
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achieved by devoting more experimental space and time to a fewer number of 
randomly chosen effluents, with a greater number of replications, rather than 
attempting to assess a large number of samples at once. 
7.4 Subsequent applications ofthe biosensor assay 
The E. coli based biosensor was employed in the toxicity assessment of 
groundwater samples, and in a phase I Toxicity Identification Evaluation (TIE) on 
an oil refinery production water effluent. 
Results from the groundwater studies proved to be disappointing, although the 
data set was small making conclusions difficult to draw. If the sensor is to be 
employed in this context then more research needs to be done. The TIE study was 
performed to complement a TIE conducted using Microtox®. The toxicity data 
after phase I TIE manipulations, assessed using both Microtox® and E. coli 
biosensors, were compared and the correlation was found to be significant at the 
0.1 % level (0.940; n = 13). Due to the biosensors rapidity and small volume 
requirement (potential for downsizing from 15 ml to 5 ml), it was considered 
particularly suitable for TIE assessment. 
An activated sludge based biosensor system has also been installed at an industrial 
site in the North of England for the on-site assessment of process and site 
effluents. Routine testing and analysis of data was conducted by on-site staff. 
7.5 Commercial developments 
The many advantageous features of the biosensor approach have enabled the 
system to be recognised as having a good marketable potential, and have allowed 
the research to be realised as a commercial instrument. 
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The pre-production instrument has taken those features of the research system which 
have been proven to operate successfully, and been further developed to enhance the 
systems ease of use, remove sources of error and to improve the aesthetics of the 
design. 
The system comprises of aluminium blocks each with positions for up to 8 vials. 
Up to 8 blocks can be incorporated into a purpose built cabinet, thus giving 64 
available sensors. Each ofthe blocks has a lid in which there are female sockets for 
the easy insertion of biosensors. When inserted, the lid is lowered, immersing the 
sensors into respiratory substrates contained in the vials. Adjacent to each of the 
sockets there is a port for the addition of samples and within this is an optical sensor 
which records the exact time of addition. 
Preliminary testing of the pre-production system has been successful, resulting in 
a vast improvement ofthe assay in terms of ease and speed of use. 
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